PREFACE 


T he only excuse that can be offered for adding 
another book to the already full catalogue of 
Electrical literature, especially under the heading | 
of Electrical Measurements, is that, in spite of the ^ 
numerous excellent works on this subject, there seemed 
room for one dealing more particularly with the require- 
ments of electrical engineers as distinguished from electrical 
physicists. Several valuable handbooks exist dealing with 
the subject of Electrical Testing from the point of view of 
the telegraphist or physicist, but these generally contain 
either too much or too little for the purposes of those who 
have to deal with the class of electrical measurements 
which it is necessary to make in electrical stations or 
factories. 

For this latter purpose, what is required is not a multi- 
plication of methods gathered together without regard to 
their applicability or accuracy, but a selection of approved 
and well-tried methods. 

In many text-books on Electrical Measurements there f 
is an absence of critical discussion on the intrinsic utility 
of the various methods of measurement given. A process 
which looks well on paper does not always work out well 
in practice, and the practical engineer, therefore, requires 
to have placed before him a series of selected methods -of 
measurement rather tlian a collection made as inclusive as 
possible. The present treatise has therefore been divided 
into a series of chapters, each of which deals with one 
particular class of measurements. No attempt, however, 
has been made to include a description of all the methods 
under that particular heading, far less of all the implQiaents 
or instruments, but certain processes which experience has 
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shown to give good results are described as fully as pos- 
sible, and a detailed description given of certain typical 
forms of widely used instruments. 

In the case of electrical instruments there is a process 
of evolution and a survival of the fittest Many ingenious 
or otherwise interesting instruments for some particular 
reason drop out of existence, whilst other forms survive, 
and it is to these surviving forms that attention has been 
most directed 

In the First Volume, in addition to a chapter on the 
Equipment of electrical laboratories, the subject of the 
measurement of Electrical Resistance, Electric Current, 
Electromotive Force and Electric Power is dealt with in 
the remaining chapters. 

The Second Volume is devoted to the measurement of 
Capacity and Inductance, Electric Quantity and Energy, 
including Battery and Meter testing, the Magnetic testing 
of iron, Photometiic and Electric lamp testing, and the 
testing of Dynamos, Motors and Transformers. 

Each chapter is as far as possible complete in itself, and 
where tables or numerical data are given they are placed 
at the end of the chapter to which they belong, and not, as 
usual, at the end of the book. 

As the object has been to place in the hands of the 
reader a practical handbook rather than a theoretical 
treatise, such brief mathematical discussions as are intro- 
duced have generally been placed in smaller type so that the 
non-mathematical reader may leave them out of considera- 
tion ; and as the desire has been to produce a handbook 
useful in the test rooms of electrical factories and stations, 
descriptions of instruments more usually found in a physical 
laboratory than a testing room have been omitted. 

J. A. F. 


University College^ London^ 
Aligns ty 1901. 


TABLE OF CONTENTS. 



CHAPTER L 

PACK 

Equipment op an Eleotkical Testing Room * 

§ 1. The Equipment of an Electrical Testing Room or Laboratory ; The 
Dynamo Room ; The Electrical Laboratory ; The Accumulator 
Room.— § 2. The Fundamental Standards of Length, Mass and 
Time.— § 3. The Principal Electrical Units and Standards.— § 4 
The Praoti^l Standard of Electrical Resistance ; Mercury Stan- 
dards; Resistance Alloys ; Standard Resistance Coils.— §5. Current 
Carrying Standard Resif tanees.- § 6. The Recovery of the Standard 
or Unit Electric Current; The Board of Trade Specification; 
Ampere Balaucee.-§ 7. The Regulation of Current ; Rheostats.-- 
§ 8. The Practical Standard of Electromotive Force ; the Clark 
Cell ; Standard Cells.— § 9. The Literature of the Mercury Standani 

Cell. § 10. Mechanical Standards of Electromotive Force. § 11. 

The Instrumental Outfit of an Electrical Laboratory.— § 12. Current 
Measuring Instruments.-§ 13. Voltage Measuring Instrumeute.- 
§ 13a. Resistance Measuring Instruments ; Wheatstone’s Bridge. 

— § 14. Electric Quantity Measuring Instruments.- § 15. Instru- 
ments for tho Measurement of Electric Power; Wattmeters.— 

§ 16. General Hints on the Outfit of a Testing Laboratory ; the 
Board of Trade Electrical Lalaoratory. 


CHAPTEE IL 

The Measueement of Eleotkical Resistance 

6 1 The Comparison of Electrical Resistance.-^ 2. Hetworis of Con- 
* dnctors : Llculation of Resistance of Networ^ of Couduotom - 
& ^ The Slide Wire Form of Wheatstone s Bridge.— § 4. The Plug 

ILm of SistanceBridge.-§ 5. Portable Forms of W^atstone’s 
T> TV, A Trotter Bridge.— § 6. Theory of the Wheatstone 

S.-§ 7. TheMatthiessen and Hockin Bridge.-§ 8. Calibration 
. / Slide Wire.— § 9. The Determination of the Temperature 
r Afficient of a Coil — § 10. The Mean Temperature Coefficient of a 

“S a Th. Of Ik. S,«a. . 

Metal or Alloy ; Volume Resistivity ; Mass Resistivity. § 12. Th 
^termination of the Volume and Mass Resistivity of Metals and 



VI. 


TABLE OF CONTENTS, 


CHAPTER II. — (Continued). 

Alloys ; Matthiessen’s Standard for the Resistivity of Copper.-— 
§ 13. The Determiaation of Low Resistance by Fall of Potential. 
— § 14. The Measurement of Low Resistance by the Matthiessen 
and Hockin Bridge.— § 15. The Kelvin Double Bridge. — § 16. 
Modifications of the Kelvin Double Bridge for Low Resistance 
Measurement. — § 17. Modifications of the Ordinary Wheatstone 
Bridge for Low Resistance Measurement. — § 18. Measurement of 
High Resistances by Direct Galvanometer Deflection. — § 19. 
Measurement of Insulation Resistance ; Price’s Guard Wire. — 
§ 20. Measurement of Dielectric Resistance by Time of Fall to 
Half Charge. — § 21. Cardew’s Differential Method for Measuring 
High Resistance. — § 22. Practical Measurement of Electric Light 
Wiring Insulation ; The Ohmmeter. — § 23. Regulations for House 
Wiring Insulation. — § 24. Measurement of the Resistivity of 
Liquids. — § 25. The Atsnlute Measurement of Electrical Resistance, 
— § 26. Resistance of .Conductors to Alternating Currents. — 
Table I. Atomic Weights and Densities of Metals. — Table II. 
Electrical Mass-Resistivity of Metals. — Tables HI., IV. and V. 
Electrical Volume Resistivity of Pure Metals. — Table VI. Elec- 
trical Conductivity of Metals.— Table VII. Volume Resistivity of 
Alloys. — Table VIII. Volume Resistivity of Liquids. — Table JX. 
Volume Resistivity of Badly Conducting Liquids. — Table X. Volume 
Resistivity of Solutions of Copper and Zinc Sulphate. — Table XL 
Volume Resistivity of Dielectrics. — Table XII. Resistance of 
Various Siaies of Platinoid Wire. — Table XITI. Resistance of Various 
Sizes of Mangauin Wire. — Table XIV. Resistance of Various Sizes 
of Copper Wire. — Table XV. The Value of the Ohm. — Table XVI. 
The Resistance of Copper Conductors to Alternating Currents. — 
Table XVII. The Resistivity of Various Materials. 

CHAPTER III. 

The Mbasuebmbnt of Elbotrio Current 

§ 1, Classification of Electric Currents. — § 2., The Measurement of 
Current by the Electrolysis of a Solution of Copper Sulphate ; The 
Standardisation of an Ammeter. — § 3. The Measiirement of Current 
by the Electrolysis of Silver Hitrate. — § 4. Standard Current- 
Measuring Instruments ; Magnetic Field of a Circular Conductor. 
§ 5. Absolute Galvanometers ; Helmholtz Standard Tangent Galva- 
nometer.— § 6, The Electro- Dynamometer. — § 7. Current Balances. 
— § 8. Laboratory Ampere-Meters. — § 9. Calibration of Laboratory 
Ammeters. — § 10. Measurement of Current by the Potentiometer. — 
§ II. Current Carrying Capacity of Wires. — § 12, The Calibration of 
a Galvanometer by the Potentiometer ; The Measurement of Small 
Currents ; Shunt Boxes. — § 13, Alternating- Ouixent Measurement.-^ 


TABLE OF CONTENTS. 


Vll. 


CHAPTEE m,-^{Gontimi€d.). 

§ 14. Wave-Form Measurement; Oscillographs. — § 15. The Use 
of Transformers in Alternating-Current Measurement. — § 16. 
Measurement of the Frequency of an Alternating Current ; 
Frequency Tellers. — § 17. Measurement of the Phase Difference 
of a Periodic Current ; Phase Meters. — Table I. Fuse-Wire Currents 
(Sir W. H. Preece). — Table II. Electro- Chemical Equivalents. 


CHAPTER IV. 

The Measurement of Eleotromotiye Poeoe 421 

§ 1. Electromotive-Force Measurement. — § 2. The Practical Recovery 
of a Standard Potential Difference. — § 3. The Potentiometer 
Measurement of Electromotive Force. — § 4. The Measurement of 
Small Potential Differences ; A Combined Potentiometer and 
Wheatstone’s Bridge ; The Elliott Potentiometer ; The Fleming 
Potentiometer. — § 5. Calibration of a Low-Tension Voltmeter ; 
Error Curve of a Voltmeter. — § 6. The Calibration of a High- 
Tension Voltmeter ; An Iuductionle«a Safety Resistance. — §7. Self- 
Recording Voltmeters.—§ 8- Extra High-Pressure Voltmeters. — 

§ 9. Laboratory and Switchboard Voltmeters ; Qualifications for a 
Q-ood Switchboard Voltmeter. — Table I. Electromotive Force of 
the Clark Cell at Various Temperatures. 


CHAPTER V. 

The Measurement op Electric Power 469 

§ 1. Electric Power, Mean Power and Power Factor. — § 2. Measurement 
of Power in the Case of Unvarying, Continuous or Direct Currents. — 

§ 3. Measurement of Continuous-Current Power by the Wattmeter. 

— § 4. Measurement of Alternating- Current Power. — § 6. Measure- 
ment of Power taken up in the Case of High-Tension Alternating- 
Current Circuits. — § 6. Power Measurements in theCaseof Circuitsof * 
Small Power Factor. —§ 7: I*ower Measurement by Direct Measure- 
ment of Power Factor. — § 8- The Three- Voltmeter Method of 
Measuring Alternating-Current Power ; Limitations of the Method. 

— § 9- The Three Ammeter Method.— § 10. Dynamometer Methods 
of Measuring Power. — § 11. Power Measurement in the Case of 
Polyphase Circuits. — § 12. Practical Forms of Wattmeters ; Siemens 
Wattmeter ; Fleming Wattmeter ; Kelvin Wattmeter ; Kelvin 
Engine-Room Wattmeter ; Kelvin Three-Phase Wattmeter ; Elec- 
trostatic Voltmeters. — § 13. Wattmeter Testing ; Construction of 
a Coil of Maximum Inductance and Known Power Factor ; The 
Measurement of Small- Power Factors. 


FOR THE 

ELECTRICAL TESTIKG-EOOM AND LABORATORY. 


CHAPTER I. 


THE EQUIPMENT OF AN ELECTBICAL 
TESTING ROOM. 

§ 1. The Equipment of an Electrical Testing Boom or 
Laboratory. — In the following pages the class of electrical [ 
measurements we shall chiefly consider are those required in * 
the eugineering applications of electricity and magnetism as 
far as regards that range of work included in the so-called 
heavy electrical engineering. We shall omit all references to 
measurements and tests particularly limited to Telegraphic | 
and Telephonic work, as on this part of the .subject several 
excellent text-books already exist. 

In the establishment of an electrical testing laboratory 
the electrician will not often be called upon to design 
the structure or enjoy the advantages of a building erected 
especially to, meet his own views. Usually ho will have 
to adapt or utilise for the purpose some existing rooms 
in a factory, electric supply station, college, or teclinical 
institution. If, however, the opportunity presents itself of 
being able to begin by designing the lalwratory building.s to 
be occupied, a great advantage is gained at the outset. If, 
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moreover, the space available can be arranged in the most 
convenient and suitable way, and if initial outlay is not an 
obstacle to the possession of the most desirable arrangements, 
the following conditions may be realised. We shall assume 
that, in the testing room or electrical laboratory being 
arranged, at least one or more large and convenient rooms 
are available for the purposes of a general testing labora- 
tory, and that, in addition, a dynamo room and also an 
accumulator room are provided. If the laboratory is in 
a technical teaching institution, an apparatus room, at least 
one, and preferably several, private rooms, as well as a 
lecture and preparation room, will, also be required. It is a 
great convenience to have, if possible, all these rooms located 
on one level. Time and labour are economised in the’ day's 
work, and it is easier to take heavy apparatus backwards 
and forwards. 

At one end of each electrical laboratory a partition should 
be run up separating off a space at least 5ft. wide and 30ft. 
long to form a photometric gallery. Then with regard to the 
special arrangement and equipment of each apartment, these 
should be as follows: — 

Dynamo Room. — Even although current is obtainable from 
public electric supply circuits or from factory lighting 
dynamos, it will generally be necessary to provide special 
means for generating the testing currents. Many tests are 
impossible unless the electric pressure is exceedingly steady, 
and ordinary public electric supply or that from a gas engine 
and dynamo is generally quite useless for the purposes of 
incandescent lamp tests, transformer t^ts, and numerous 
other purposes. Hence provision has to be made in the first 
place for continuous current supply. This should be taken 
from secondary batteries which are regularly charged by a 
dynamo set apart for the purpose. It is better, if possible, 
to charge by a steam engine than a gas engine, as the charging 
current is then more uniform and the cell plates are less 
rapidly deteriorated. If continuous cuil-ent is supplied from 
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public electric supply circuits at 100 or 200 volts it may bo 
used to ruu motor-generators or boosters ” by which suffi- 
cient charging voltage may be obtained for charging storage 
cells. A booster consists of an electromotor and a dynamo 
coupled together and bolted on to the same bedplate. The 
motor takes current at 100 or 200 volts and drives the dynamo. 
The djnamo armature can pass a current equal to the maxi- 
mum required for charging the cells, this being drawn from the 
supply circuits, and it adds to this circuit voltage the addi- 
tional E.M.T. required for charging a local battery of 53 or 106 
cells. Automatic Boosters are now made which keep the 
charging current constant irrespective of the gradually accumu- 
lating back E.M.P. of the cells being charged. In addition to 
means for prov'ding continuous current at 100 volts, it is 
necessary to be able to obtain a supply at pressures of 10 or 
15 volts or less, and at about 200 volts or more. This is best 
obtained by having two similar dynamo machines bolted on 
one bedplate, so that the machines can be coupled with their 
shafts in one line. One of these machines is a motor, and 
takes current at 100 or 200 volts from the secondary battery 
resistances being provided in the armature circuit and tields 
for regulating the speed; the other coupled machine is a 
dynamo, and should be provided with three separate armatures, 
which can be inserted at pleasure, one giving, say, 10 volts at 
the standard or jnuper motor speed, one giving, say, 100 
volts, and the other 200 or 250 volts. The fields of each 
machine are best separately excited at 100 volts. A com- 
bined motor-generator, consisting of these two coupled 
machines, each of ofte or two kilowatts output and running 
at 1,800 or 2,000 revolutions per minute, is a very convenient 
appliance. 

In the next pluct!, provision must be made for generating 
alternating cunvnts. This is l^est done by means of an 
alternator coupical directly to a continuous current motor. A 
very convenient arraiigonmmt, dcjsigned by the Author for use 
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in the electrical laboratory at University College, London, 
consists of a pair of alternators of 5-kilowatt capacity, each 
coupled to a continuous current motor, so as to be driven by 
it, and provision made by a coupling to join the shafts of 
both sets in one line. The four machines may be bolted to 
cne bedplate, and a flanged ptilley on the inner end of each 
shaft has the flange pierced with holes so that the pulleys 
can be coupled in such positions that the alternating currents 
from the two alternators are in any desired relative phase. 
Eesistances are provided in the held and armature circuit of 
all machines, so that the speeds and electromotive forces are 
under complete control. 

This compound machine provides alternating current of 
•\single or two-phase kind, and of any req[uired electromotive 
^orce up to 200 volts. Machines so coupled should he well 
bedded down. It is worth while to expend the necessary 
sum on good foundations to secure perfect steadiness of 
running and freedom from vibration, as the commutators 
are thus more easily kept in order. One or both ends of the 
double alternator shaft can be provided with a curve tracer, 
to be described later on, by means of which the curves of 
alternating currents can be taken. 

Well insulated cables from the dynamo terminals should 
be brought along covered chases in the floor, from the 
dynamo room to the electrical laboratories to double- pole 
switches au^ terminals suitably placed. Whilst laying 
these leads it is a good plan to run a number of pairs of 
spare cables and wires of different sizes for voltmeter wires, 
telephone or bell wires, extra circuits, ^and other purposes, 
so that the use of temporary cables lying about on the 
floor may be avoided. Positive and negative cables should 
be distinguished by being coloured red and black as usual. 

In the selection of dynamo plant for purely experimental 
purposes much must depend on the resources and purpose of the 
laboratory. As far, however, as regards the generation of 
current for most purposes in the electrical laboratory, nothing 
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is SO convenient as the coupled motors and continuous or 
alternating current generators ; the motors being worked off 
a secondary battery. This arrangement leaves nothing to be 
desired in steadiness of pressure and ease of working. The 
speed is more easily regulated than in the case of a dynamo 
driven off counter-shafting with coned pulley speed regulator. 

Tor the dynamo room at University College a combined 
motor-alternator plant, as above described, was built in 
1898, by Messrs. Johnson and Phillips, to the Author's 
specification and to Mr. Kapp's designs, of which a general 
description is as follows : — 

''The machine consists of four separate machines bolted 
on to the same bedplate, viz., two Kapp alternators and two 
continuous-current motors {see Pigs. 1 and 2). Each alter- 
nator is coupled permanently to its own motor, the com- 
mutators of the continuous-current machines being on the 
outside end of the shaft. The shafts of each pair of machines 
are truly lined, and tlie inside ends each carry a flange 
pulley. These pulleys can be coupled together through the 
flanges by bolts, so as to drive the whole as one machine, 
or they can be separated for use as two machines. By 
coupling them together with the armatures in the proper 
relative position, two-phase currents can be got out of the 
united machine. Each of the continuous-current motors is a 
5 -h.p. motor, designed to work at 100 volts. The armature 
is ring- wound, and there are 216 turns of wire on it, 
connected to a 72-part commutator. The magnets of the 
motors are of cast steel, 6gin. in diameter. ijKach armature 
can carry 35 or 40 amperes comfortably, tte alternator 
armaiures contain an iron core, and are wound over with 
eight coils, each having 16 turns of wire. The field magnets 
have eight poles, a«id corresponding poles are opposite to one 
another. The alternators, when driven at a speed of 1,250 
revolutions, give an electromotive force of 100 volts. 

"The four machines are fixed on a cast-iron bedplate 9ft. 
long and 2ft. wide, which is carried on slide rails in the 
usual manner. The ends of all the armature and field 
magnet circuits are brought to terminals fixed in a box 
on the front of the machine. In the field-magnet circuit 
of each machine is an appropriate resistance, and in the 
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armature circuits of the motors there are also resistances for 
starting the motors. To the shafts of both motors is fixed a 
hydraulic speed indicator. A small centrifugal pump is 


Fig. 1. — View of part of the Dynamo Room in University College, London, showing the Motor- Alternator Plant. 



Fig. 2. — Combined Motor- Alternator Plant. 
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driren by the shaft, and this pump forces coloured water 
from a small reservoir placed over the pump through a pipe 
into which are connected two vertical glass tube pressure 
gauges, one of which is placed on the wall of the dynamo 
room, and the other is placed on the wall of the electrical 
laboratory 30ft. away. When the motor alternator is running, 
the centrifugal pump forces the water up these tubes, until 
the hydrostatic pressure of the column of liquid supported 
in the tube balances the pi*essure due to the pump. The 
height of the column of liquid, therefore, can be made to 
measure the speed of the machine after these gauges have 
been carefully calibrated. The special advantage of this 
hydraulic speed indicator is that it is so exceedingly 
responsive to changes in speed, A change in speed of less 
than one per cent, can be certainly detected and measured, 
whilst the accuracy of the indication is independent of the 
density of the liquid used. The speed of the motor can be 
regulated from the laboratory by the use of a carbon rheostat 
inserted in the held or armature circuit and can thus be 
kept exceedingly constant.” 

The above described motor-alternator plant has many uses 
The alternators can be run in parallel eitlier coupled or free. 
They can be coupled and joined in series, so as to give a 
current at 200 volts pressure. They can be set to give a two- 
phase current. Efficiency tests can be made with the direct 
current motors, driven as coupled machines, or with the 
alternators. After some years’ use in the above form it was 
found more convenient to separate the two motor-alternators 
above described into two entirely separate plants. The use 
of the coupled alternators to produce two-phase currents was 
rendered unnecessary by the possession of other two-phase 
% machines. • 

Electrical Laboratory. — In the design of the electrical 
laboratory the important matter is to provide sufficiently 
steady tables or supports for galvanometers and instruments. 
It is not a good plan to build up, as is sometimes done, brick 
tables in the middle of the laboratory, because these cannot 
afterwards be moved if space is required for special work. It 
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is best to provide round the room, at a standard height of say # 
3ft. 6in. from the floor, strong stone or slate slabs, let into the 
main walls of the building. If the main walls are strongly 
built, and have good foundations, very steady supports can 
in this wa}^ be obtained. Circumstances, however, must 
decide what is best to be done. In any case, several firm 
slabs must be provided, either by building up brick pillars, 
covered with a slate surface, on independent foundations, 
thus forming solid tables, or by building up stone supports 
to the level of, but not touching, the floor, on wdrich can 
rest the legs of special steady wooden tables for carrying 
the galvanometers, ampere balances, and other instruments. 

All that is necessary is to secure steadiness for certain 
particular pieces of apparatus. In some instances special 
precautions may have to be taken to eliminate the eflects of 
vibration due to adjacent machinery or traffic. In these 
cases the galvanometers may be placed on slabs of slate 
which are suspended at the four cornex'S by stout india- 
rubber bands from brackets let into the wall, and heavier 
instruments, such as ampere balances, may be placed on 
slabs of Yorkshire stone carried on three or four blocks 
of india-rubber. 

One of the greatest difficulties which generally presents itself in arranging 
an electro-technical laboratory is the contrivance of suitable means to prevent 
the mirror instruments being disturbed by vibrations of the building due to 
machinery or traffic in the neighbourhood. The usual method of securing 
steadiness is to build up brick pillars on very solid foundations formed in the 
ground, as supports for the legs of ordinary stout deal tables, and to keep the 
laboratory floor from contact with these pillars. This plan, however, is not 
always entirely a success, and then sometimes a remedy may be found by 
placing the galvanometer or mirror instruments, as above suggested, on a slab 
of slate or flagstone of considerable weight, resting the slab on four india- 
rubber blocks. Or it may be possible to suspend from tlie ceiling, by india- 
rubber door springs, a heavy wooden slab or board on which the instrument is 
placed, and so take up the vibrations. A combination of the independent 
brick pillar with capstone resting on india-rubber blocks is the best method 
in difficult cases. One device, said to be very effective, is to support the 
galvanometer on a wooden base placed on a thick pad of hair felt laid in a 
tray, the corners of the base board and tray being connected by stretched 
india-rubber bands. See Electrical Review^ 1898, Vol. 42, p. 592. 
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In the next place, it is convenient to arrange a standard 
height and size of working table. A convenient size is 5ft. 
long, 2ft. Gin. wide, and 3ft. Sin. in height. These tables can be 
arranged together as required. Around the room, however, 
should be fixed benches or tables with strong top surfaces, 
having cupboards and drawers underneath, and on which may 
be arranged certain sets of apparatus never to be moved. It is 
essential that such standard sets of apparatus as the Bridge for 
resistances measurements, the Potentiometer for electromotive 
force measurements, and the Ballistic Galvanometer, should 
never be moved, but should be kept always connected up 
and be available at a moment’s notice for use. Apparatus 
stored in glass cases, and therefore not ready when required, 
is a fruitful source of waste of time and energy, and the 
plan of so keeping it should be avoided. Dust and light 
may be kept off the arranged apparatus by simply throwing 
over the articles a black velveteen cloth, or, better still, 
keeping every important piece of apparatus in a wooden 
or cardboard box, which is shut up when the apparatus 
is not in use. The laboratory should be provided, if possible, 
with double windows, and these windows be darkened 
when required by blinds made of black American oilcloth or 
some material impervious to light. The laboratory can 
then be kept in the proper state of illumination necessary to 
see well the spots of light on galvanometer scales. As far as 
possible an equable temperature should be maintained in 
the rooms all the year round. A sink with hot and cold 
water, and a fume cupboard must be provided, and a table, 
having a top covered with sheet lead, with a narrow fillet or 
edge round it, and drainage tube, is useful for experiments 
with primary batteries or secondary cells, and other things 
likely to be messy. It is a good plan in preparing the room to 
form covered floor chases around and across the room in which 
wires and cables can be laid. The permanent leads and cables 
are placed in casing fixed to the floor of these chases. The 
cover boards of the chase can be made to take up in sections 
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fio as to lay temporary cables, and thus avoid the danger ani 
nuisance of loose electric cables lying about all over the 
floor. Eound the room should run several separate insulated 
circuits, having terminals, fuses, and switches at each place 
where current is likely to be required. One of these should 
be a circuit from the battery for supplying current to incan- 
descent lamps to be used for galvanometer scale lamps, and 
for a special table lamp if required. 

The incandescent lamps best adapted for galvanometer purposes are small 
Tungsten lamps with single horse-shoe shaped filament. The lamp bulb 
should be covered with a cylindrical asbestos hood having a slit in it which 
permits the light from one leg of the filament loop to pass out. The galvano- 
meter is then arranged so that the mirror, with or without the assistance of a 
lens, throws an image of this straight incandescent carbon on to a divided 
ground glass or semi-transparent celluloid scale suitably placed. In this 
manner an exceedingly sharp, bright line, being the image of a part of the 
filament is thrown on the divided scale. This image can be seen in daylight 
or in a slightly darkened room. If the scale k placed at the right focal 
distance from the mirror, and if the scale is divided into millimetres, a reading 
to one quarter of a millimetre can be taken, provided the galvanometer 
mirror is a good one. 

This circuit should be provided with numerous wall plugs 
(preferably of the concentric pattern) by which a lamp with 
a socket and flexible cord can be plugged in where required. 
Another circuit should run from the main secondary battery 
and provide, where required, at several places larger currents 
at 100 volts pressure. A third circuit should give continuous 
current at various pressures from the continuous motor gene- 
rator in the dynamo room, and a fourth circuit should bring 
alternating currents from the alternators. In laying out these 
circuits, blank terminals with double-pole porcelain cut-outs 
and double-pole switches should be provided in as many 
places as possible. Comfort and convenience in subsequent 
work will greatly depend on the care with which all these 
little details are thought out by the electrician in arranging 
his laboratory. In order to avoid disturbing magnetic needle 
galvanometers by strong stray magnetic fields, it is desirable 
to run aU these laboratory supply circuits with concentric 
cable. 
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Accumulator Room. — This room may be at any con- 
venient and necessary distance from the laboratory working 
rooms. It should, if possible, have walls built with glazed 
brick, and a ceiling of glazed tiles. In any case, all exposed 
wood and metal work and all cables should be thickly painted 
with anti-sulphuric paint or enamel. The cells should be 
placed on low brick table supports covered with slate slabs, 
or on the usual painted wooden supports. In any case, they 
should be well insulated. Cables joined to various points 
on the battery should be brought out through the walls 
of the battery room, to a switchboard outside, by leading 
them through porcelain tubes plugged with slag-wool, so 
that they are spray-tight. Changes in the electromotive 
force of the working circuit can then be made as required 
without entering the battery room. If possible, a separate 
battery should be provided for incandescent lamp tests 
or for any special purposes when great uniformity of 
pressure is required. The choice and size of cell must be 
left to the user of the laboratory to determine. One or 
more large accumulator cells are useful. These can be 
charged from the low voltage side of the motor-generator 
set, and are very useful in yielding the large currents required 
for testing ammeters. 

An additional essential is a series of small secondary cells, 
for giving high electromotive forces. Of these the most 
convenient are the cells known as Lithanode cells. 

Lithanode is nob compressed peroxide of lead, as is sometimes stated, 
for, however strongly lead peroxide may be compressed, the resulting 
mass will disincegrate when immersed in a liquid electrolyte. It is 
produced from litharge, made into a pasty mass witlra solution of sulphate of 
ammonia, which causes the material to “set,*’ so that it will no longer 
disintegrate when placed in a fluid. The “forming," according to the 
original idea, was performed in a bath of sulphate of magnesia. In ordinary 
practice the elements are made up of a number of small slabs of lithanode, 
whose outer edges are V-shaped. These slabs or pellets are arranged in a 
casting mould of any suitable dimensions,* and are placed at such a distance 
apart and from the edges of the casting frame as to allow of sufficient space 
for the requisite quantity of metal to run in and impart adequate mechanical 
strength to the completed element. After the pellets have been arranged 
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14 ELEOTHIOAL LABORATORY EQUIPMENT. 

distributed to each room as required. Every room except 
the dynamo and battery room should have windows, provided 
with black opaque cloth blinds, which can be drawn down «« 
as to darken the room more or less as required. Dimensions 
are not added in the sketch plan below, because various 
circumstances must determine the space required, but_ an 
arrangement of rooms as here suggested forms a convenient 
one for a small testing or teaching electrical laboratory. 



Fig. 3, 


As an example of the arrangements of an electrical 
laboratory, which, though not large, is well equipped, 
a brief description may here be given of the Pender 
Electrical Engineering Laboratories in University College, 
London, the internal arrangements for which were designed 
by the Author, and embody some thought and experience in 
this work* : — 

“ The portion of the buildings allotted for the purpose of an 
electrical engineering laboratory consists of ten rooms, in all 

* The architect of these buildings was Prof. Boger Smith, F.R.LB.A., 
Professor of Architecture in University College, London. A full description 
of these laboratories, given by the architect and the professors who 
collaborated with him. in their internal design and fittings, is given in the 
Journal of the Royal Institute of British Architects, Vol. I., 3rd series, 
p. 294, from which, by kind permission of the Council of the Institute, this 
description of the electrical laboratories, written Vjy the Author, is taken. 
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of which the interior arrangements have been very carefully 
designed. The principal rooms open into one another. These 
are the two dynamo rooms and the general students’ working 
flectrical laboratory. The arrangement of the building per- 
mitted one d3uiamo room floor to be placed on solid ground, 
and thus secured the possibility of making both floor and 
machine foundations of great steadiness. This dynamo room 
is 31 ft. long and 22 ft. wide, built in white glazed brick. The 
plant placed in this room comprises the following machines ; 
There are two combined plants by Messrs. Crompton, each 
consisting of a bedplate, in the centre of which is a 5 b.h.p. 
direct-current electric motor running at a speed of 1,500 revs, 
per min., and taking current at 220 volts as required either 
from the storage batteries or from the electric mains of the 
St. Pancras Borough Council which supply the College with 
electric current. This motor is in each case coupled direct to a 
generating machine on either side of it by Couplings which can 
be made or broken as required. 

In both cases the motor can be coupled on one side to a 
polyphase generator of 3 k.v.a. output and the fixed armature 
coils can be so coupled up as to give either one, two or three- 
phase currents at a frequency of 50 p.p..s. 

‘‘ By running both sets the two polyphase generators can be 
run in parallel and other experiments made with them. In 
the case of both plants the opposite end of the shaft of the 
driving motor can be coupled at pleasure to a direct current 
generator of 3 kw. output. In the case of one plant this 
direct-current generator is a compound wound dynamo giving 
a current of 30 amperes at 100 volts as a maximum. In the 
case of the other plant it is a shunt-wound dynamo giving a 
maximum current of 6 amperes at 500 volts. The two plants, 
therefore, provide a large number of combinations for teaching 
work. The fields of all machines are excited by currents con- 
trolled by rheostats, and the currents and voltages of the driv- 
ing motors and of the coupled dynamos can be read on 
ammeters and voltmeters on the switchboards. 

These switchboards, placed on the walls of the dynamo room, 
are skeleton structures of angle iron across which are bolted 
teak beams to which are attached the necessary instruments, 
field rheostats, starting switches and controllers. 

The boards are so arranged that the motors can be run 
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either with current taken from St. Pancras supply or from the 
local storage batteries. 

These batteries , placed in a battery room beneath one of the 
dynamo rooms consist of four sets of E.P.S. cells having about 
200 ampere-hours’ capacity. The necessary charging voltage 
and current are obtained from the St. Pancras Supply by the 
aid of two boosters, made by the Lancashire Dynamo & Motor 
Co. These boosters consist of a motor taking current at 
210 to 240 volts and running at 1,200 revs, per min. The 
generator portion or dynamo which is coupled to this motor is 
of 2-5 kw. capacity, and can pass 24 amperes through its 
armature and boost the voltage from 0 to 100 volts as regu- 
lated. The current from the St. Pancras supply at 220 volts 
passes through the generator armature into the storage cells, 
and the booster fields are so wound that the charging current 
into the cells is kept constant, or nearly so, at about 24 amperes. 
The booster, therefore, adds driving E.M.P. as the counter 
E.M.F. of the cells builds up. There are two of these boosters 
which are worked alternately so as to charge up in about 
8 hours the two batteries, each composed of 108 cells. These 
cells provide the steady voltage for photometric and trans- 
former tests. 

‘‘The same dynamo room contains a high frequency alter- 
nator of 3 k.v.a. output, which supplies current at 1,000 fre- 
quency. This machine is built on the same bedplate with a 
direct-current driving motor of 2-7 b.h.?., which takes current 
at 220 volts and runs up to 2,000 revs, per min. The alter- 
nator has a desk armature with zigzag winding laid in slots. 
The field magnet has 60 poles placed radially on the inside of a 
ring-shaped frame. These magnets are excited at 220 volts. 
The alternator yields a maximum current of 30 amperes at 
100 volts. The E.M.P. curve is not quite sine foim, but has a 
somewhat pronounced third and fifth harmonic. This, how- 
ever, has proved to be an advantage. By means of suitable 
resonator circuits it is possible to filter out and separate these 
harmonics and to obtain currents of nearly perfect sine form 
having frequencies of 1,000, 3,000 and 6,000 respectively. 
This motor alternator has proved itself to be of great value in 
investigations on telephony and wireless telephony. 

“ There are also in the same dymamo room two other machines 
of considerable interest. One is a single-phase commutator 
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altemating-current motor of 4*5 b.h.p., which can be varied to 
be either a single series motor capable of running on direct, 
current or alternating current, or else a simple repulsion 
motor. Also it can be changed to be a compensated series or 
repulsion motor. 

'' It is provided with a flywheel or pulley with hollow water- 
cooled rim, and a large variety of experimental exercises can be 
carried out with it by the students. It takes current at 25 
frequency and 150 volts. Another interesting and useful 
machine in the same room is a C.M.B. converter, built by 
Messrs. Crompton. 

“ This machine is a motor-generator having a doubly-wound 
armature with two commutators. On one side it takes in 
current at constant voltage of 220 volts from the supply cir- 
cuits of the laboratory. On the other side it gives out a con- 
stant current \xp to 50 amperes, which can be used for instance,, 
to work large arc lamps or small electric furnaces, without 
wasting energy in external resistance. 

'' The floor of this dynamo room consists of concrete 24 in. in 
thickness. The concrete is finished 2 in. from the wall all 
round the room, and slag wool packed into the interspace. On 
the concrete are laid, 18 in. apart, teak beams 6 in. deep by 4 in. 
wide. These beams are held down by 24 in. holding-down bolts, 
which pass right through the concrete, and are terminated in 
anchor plates at the bottom. The space between the beams is 
filled in with granolithic cement- The cement is cupped out. 
between the beams, and given a slight cant toward.s a main 
drain running down the room formed in the cement. By this, 
means oil or water spilt on the floor is easily got rid of and 
the floor kept dry. The floor has proved itself to be so satis- 
factory that .no sensible vibration is propagated up the building 
when the motors and dynamos are at work ; and delicate 
electrical instruments can be used in the room when the 
machines are in operation. 

Adjacent to the above-described dynamo room lies a room,, 
formerly used as a lecture room, but since converted to a 
dynamo room by putting down a new floor on steel joists. 

In this latter room are now placed the pair of motor-driven 
alternators built by Messrs. Johnson & Phillips, described on 
p. 5. The bedplates have, however, now been divided, and 
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each coixpled pair is used separately. In addition to this there 
is on one bedplate a pair of coupled variable speed dynamos, 
by Crompton, which can be run at speeds varying from 600 to 
1,200 revs, per min., when either machine is made the motor. 
The machine which functions as a motor takes current at 220 
volts, and is direct coupled to the machine which acts as a 
dynamo. This latter machine has a pair of slip-rings on its 
shaft, connected to two opposite points on the armature 
winding, so that from this alternating current at a frequency of 
25 p.p.s. can be taken. There is also an exploring coil on the 
armature, the ends of which are joined to another pair of slip- 
rings on the shaft. This set has a capacity of about 5 kw. 
It is mostly used for differential efficiency tests and for supply- 
ing the low-frequency alternating current required to drive the 
.single-phase alternating-current motor in the adjacent room. 
In the same d}Taamo room there is also a similar but smaller 
•coupled motor-generator set, which takes current at 220 volts, 
and gives a current up to 100 amperes at 20 volts or less. This 
.set is chiefly used for charging a special battery of eight storage 
cells, which in turn are used to supply current at 16 volts to 
induction coils. 

In the same room is placed another rotary converter, which 
provides one, two, or three phase alternating currents. 

‘^It consists of a dynamo with a gramme ring armature. 
From six points on the armature winding connections are made 
to six slip-rings on the shaft, and from these rings by means of 
brush contacts alternating current can be drawn off, which is, 
as required, a single, two or three-phase current. 

'‘In addition to these various generators, the laboratory is 
well provided with motors, both direct and alternating, for 
test work. There are in the first place several polyphase 
induction motors, with squirrel-cage rotor, for two and three- 
phase currents. A three-phase Westinghouse induction motor 
is provided with a wound rotor, having on it also a search coil 
for various experiments. Also a variable speed induction 
motor, the number of stator poles being variable from four to 
eight, together with a controller for pole-changing. Both the 
last machines are three-phase, working at 110 volts and 
50 p.p.s. 

“ There are several direct-current motors which can be used 


ELEGTBIGAL LABOUATOBY EQUIPMENT. 


19 


for various experiments. Although none of these machines 
are very large, yet they are of sufficient size for useful investiga- 
tions to be made on them. 

In those cases in which work has to be put upon a motor a 
rope brake is used, the pulley generally being hollow and water 
circulated through it. There is also one magnetic brake for 
experimental purposes. 

The electrical laboratory opens out of the dynamo room. 
This is a room 50ft. long and 32ft. wide. In order to secure 
quietness and to keep out the dust, the room has been built 
with double windows, the outer ones being ordinary sashes, 
and the inner ones French windows. Black blinds are 
provided, so as to darken each window when required. All 
round the room a series of stout stone slabs are let into the 
wall at a height of 4ft. above the floor, between the windows. 
These stone slabs are intended as steady tables to carry 
various measuring instruments. It is found by experience 
that it is better to arrange the steady tables in this way than 
to build them up as brick pedestals through the floor of the 
room, because advantage is then taken of the greater 
steadiness of the footings of the main walls, and the central 
portion of the room is kept clear. Across and around the 
floor of the laboratory chases are left, covered in by floor 
boards, in which electrical mains are carried, and these 
terminate in lock-up switch and fuse boxes in various parts 
of the room. At one end of the laboratory is a long photo- 
metric gallery, 30ft. long, 10ft. high, and 6ft. wide. In this 
gallery is placed the photometer and various apparatus 
required in testing arc and incandescent lamps. One end of 
this gallery is formed into a small dark room for photo- 
graphic purposes. Around the room are placed a series of 
strong tables having drawers and cupboards, and each of 
these tables is provided with electric currents from the 
mains, and with a special circuit for working the incan- 
descent lamps required by the galvanometers. In the centre 
of this room numerous other tables are arranged for special 
work. On the stone steady slabs are placed all the standard 
electrical instruments, and the general principle has been 
■adopted of having each particular piece of apparatus 
required for each special electrical measurement set up and 
arranged so that it is never disturbed, and is always ready at 
a, moment's notice for use and experiments. One side of 
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the room is devoted to the current-weighing instruments and 
standard voltmeters. The laboratory is provided with a very 
fine set of Lord Kelvin’s standard electrical balances and 
electrostatic voltmeters. These balances are checked by 
weighing the copper deposit produced in a voltmeter in 
circuit with them, and for this purpose an Oertling chemical 
balance has been specially built, and which is a remarkably 
fine instrument. On other tables are set up the apparatus 
for the measurement of resistances, insulation tests, magnetic 
induction, electrical capacity and potential, and as these 
permanent pieces of apparatus are never disturbed, a great 
economy of time is effected in setting up and taking down 
apparatus. In addition to the above, the experimental 
apparatus is provided for complete tests of alternating 
current transformers and other alternating current appliances. 
Beneath the lecture-room is a large accumulator room built 
in white glazed brick. On stone shelves round the room 
are placed fifty-four cells of a D.P. battery. This battery 
has a storage capacity of 250 ampere-hours, and will discharge 
at the rate of 50 amperes. The current from the battery 
is laid on to all the working benches of the laboratory. 

“The general j)lan of the laboratory, of having all the 
rooms opening one into another, is an immense convenience, 
and saves much time. The arrangement of apparatus in 
permanent groups for special measurement effects also a. 
great economy in time, as apparatus once set up is not 
unnecessarily disturbed. The care with which the heating 
and ventilation have been considered, as well as the universal 
adoption of the electric light, has made these laboratories 
exceedingly comfortable to work in. The rooms are all 
excellently lighted. Although the laboratory stands in a 
main street, no difficulty has been found to arise from 
vibration. The stone steady shelves let into the main walls 
provide all that is necessary in the way of support for the 
instruments which must be kept steady. 

addition to the above described dynamo rooms and 
working laboratory, there is a well-equipped and special 
photometer room for advanced work. This room has in it a 
photometer bench 15 ft. long, furnished with Lummer* 
Brodhun, Bunsen and Flicker photometers, standard lamps. 
Pentane and Fleming large bulb incandescent and^ Crompton 
potentiometer for reading the electrical quantities. 
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Adjacent to it is the k^cture room seating 50 to 60 Btudents, 
and beyond tliat a research laboratory, wliicli is especially 
equipped for research in connection with wireless telegrapliy 
and high-frequency currents. 

“ Besides the above rooms, a diagram and model room, 
apparatus room, and professor^’s private room are included. 
The apparatus room opens into the lecture room close to tlie 
lecture table. The apparatus room is well i)rovided with 
dust-tight apparatus cases and cupboards for the laboratory 
apparatus. Access is obtained to the accumulator room 
when required by a cellar-flap door opening out of the 
lecture room, and through this opening any cells can 
be hoisted up or let down which are required for 
examination.” 

§ 2. The Fundamental Standards of Length, Mass, and 
Time. — The outfit of an electrical laboratory or testing room 
must include, in tlie first place, means for making coini)aris(mH 
with the fundainental standards of Mass, Length, and Tinun 
These comparisons involve the posB(‘,Bsion of standard 
weights, a good balance^., standard lengths, scahis and calHixu’S, 
and an ad, justed chronometer. Tlie (I(.»grce of redmnnent 
necessary in these fundamental imiasurementH will (Uqumd 
upon the nature of the work to lie iloiui in the ekictiicail 
laboratory. In a standanlising laboratory the actual working 
instrumentS“Viz., tluj scales, winghts, and watclHis used for 
observations —sliould Ik*. (dH*ckccI by comparison with <u*rtain 
more carefully pn;s(*rvcd ami .seldom used principal standards. 
These last should be brought into candul cumiparistm with 
the h‘gal standards kept at the Stamlanhs of the 

Ikiarcl of Trade in (Irtnit Britain or with the principal legal 
standards in other cnuntri(*s. 

Tlie Unitor Standard of Length to which, all other meaHure- 
memts of length in scientific work are now roferrcid in Kitropi* 
is tlm Mkre Tnternatiuwd, or Standard Metre. ..It is a bar of 
platinum-iridium deposited with the International (Joinniittee 
of Weights and Measui*e.s, and m carefully preserved at 
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Sevres, near Paris. The length between two marks on it, 
taken at O^C., is defined to be the standard length, and is 
called the Metre. 

The metre is equal to 39-37011 British standard inches or 
to 1-09361426 British standard yards. 

Comparisons of actual metre scales or yard measures are, 
or can be, made at the Standards Office of the Board of Trade 
with a certified copy of the standard yard or metre. Every 
electrical laboratory in which accurate work is being car- 
ried out should possess certain metre scales for, working 
use, and a standard comparison scale which has been thus 
compared and certified at the Standards Office of the Board 
of Trade. 

Similarly, the Standard or Unit of Mass in scientific work 
is the Kilogramme International, preserved at the same place 
as the standard metre. The kilogramme is equal to 2-20462 
British standard pounds. 

In the metric system, multiples and fractions of the standard 
unit are all decimal, and expressed by the following prefixes 
to the proper substantive : — 


The prefix mega 

means a millionfold. 

,, ,, hilo 

„ thousandfold. 

„ ,, hecto 

„ hundredfold. 

y) yy deiccv 

„ tenfold. 

„ „ deci 

„ one-tenth. 

„ ,, centi 

one- hundredth. 

„ ,, milli 

„ one-thousandth. 

„ micro 

„ one-millionth. 


Thus a dekametre is 10 metres and a micrometre is one- 
millionth of a metre. 


The following are equivalents in the metric and Imperial 


systems of measurement : — 
1 metre 


1 yard 
1 foot 
1 inch 


1-093614 British Standard yards. 

3-280842 „ „ feet- 

39-37011 „ „ inches. 

0*914399 metre. 

0-304797 „ 

0-025400 „ 


ELECTRICAL LABORATORY EQUIPMENT. 


23 


1 centimetre 

— 

0-393701 inch. 

1 „ 

= 

0-032808 foot. 

1 foot 

= 

30-4797 centimetres. 

1 inch 

= 

2-5400 

1 kilometre 

= 

3,280-842 feet. 

1 „ 

= 

0-6214 mile. 

1 mile 

= 

160,933 centimetres. 

1 square metre 


10-7639 square feet. 

1 square foot 

= 

929-03 square centimetres. 

1 litre 

= 

1 decimetre cube. 

1 

= 

61-024 cubic inches. 

1 cubic foot 

= 

28,316 cubic centimetres. 


The Metric Standard of Capacity is the litre, and is the 
volume of 1 kilogram of pure water at 4°C. The mass of 
1 cubic decimetre of water at 4®C. is 0-9999707 kilogram. 

The Imperial Standard of Capacity is the gallon, which is the 
volume of 10 pounds avoirdupois of pure water at 62°F., and 
is equal to 277,274 cubic inches. 

The Unit of Time in scientific operations is the mean solar 
second as defined by the mean solar clock at Greenwich 
Observatory. 

The time of one complete revolution of the earth on its 
polar axis is called a sidereal day, and is the ultimate unit or 
standard of reference in measuring duration. It is equal to 
86164-09 mean solar seconds. The mean solar day is the 
average time interval between two successive transits of the 
sun across a meridian, and it is divided into 86,400 mean 
solar seconds, 

A good chronometer should be provided, and should be 
adjusted to show Greenwich mean time or mean solar time, 
and, from time to time, should be rated by comparison with 
the mean solar clock at Greenwich. 

It seems hardly necessary to gay that the standard chronometer, unless 
a non-magnetic one, should bo kept carefully at a distance from all 
dynamos and strong magnets or currents. 

The electrical laboratory should also be provided witli a 
good standard metre scale, divided into centimetres and 
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millimetres ; a box of standard gramme weights, multiples, 
and submultiples ; and the above-mentioned standard 
chronometer, showing Greenwich mean time. 

Comparisons with the principal standards of length, mass, 
and time are made hj means of working scales, various 
working balances, and stop-watches or pocket chronometers. 
The laboratory must, in the first place, be provided with a 
number of suitable measuring instruments for determining 
lengths. A number of metre scales, divided into centimetres 
and millimetres, engraved on steel, brass, or boxwood, are 
essential. Outside and inside callipers, measuring by a 
vernier to one-ten-thousandth of an inch or one-four-hundredth 
of a millimetre, are required. A spherometer for measuring 
the thickness of thin metal plates is useful. 

For measuring the diameters of exceedingly fine wires a 
microscope micrometer may occasionally be required. In its 
best form this consists of an ordinary achromatic microscope 
with a calliper eye-piece. It is provided with a slide con- 
sisting of a glass slip on which has been engraved with a 
diamond a scale in hundredths and thousandths of an inch. 
The eye-piece of the microscope has two needle points 
projecting inwards and moved by external screws, so that 
these points can be made to approach or recede from each 
other in one plane. These needles are fixed in the focus 
of the eye lens of the eye-piece. To measure the diameter 
of a fine wire or, say, the filament of an incandescent lamp, 
the wire is placed in the focus of the microscope and the 
needle points screwed in or out until they appear to touch 
the two edges of the image of the object to be callipered. 
The eye-piece must, of course, be turned round until the 
needles are exactly at right angles to the image of the wire. 
This being done, the wire is removed from tlie microscope 
stage and the divided glass scale placed on it. The image of 
the scale will then be formed in the plane of the needle 
points. The observer can read off on the scale the length of 
the interval between the needle points, which is therefore 
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the diameter of the wire or filament. The arrans-ement 
forms an optical calliper, and is a very convenient one 
to employ in determining the diameter of a very fine 
wire. 

Tor measuring short lengths or large diameters, a callipet* 
•of the following kind is found to be useful.* A steel tube 
has two Hat surfaces planed on it at right angles to eaclx 
other. The tube has a scale of centimetres and millimetres 
engraved on it. Two brass blocks slide on this tube, and 
•can be clamped. One of them has a slow motion screw, and 

• carries a vernier. These blocks carry straight steel trans- 
verse bars, which act as calliper jaws and remain parallel 
when placed any distance apart. The object to be callipered 
is placed between the jaws, and contact is judged as usual 
by the “feel/’ One or two of the ordinary inside and outside 
steel vernier callipers should also be provided, and the best 
forms have a loose head screw which i)revents undue pressure 
being put upon the object measured. 

The laboratory must be provided with a standard balance 
and with ocher rougher balances for ordinary weighing. Tlie 
chief standard balance should he one of the type called a 

• short-beam chemical balance, which is adjusted to carry at 
least 200 grammes and turn to a tenth of a milligramme. 
Another balance, to carry 500 grammes and turn to a milli- 
gramme, may be used for less accurate weighings. 

These balances should stand on stone shelves let into the 
wall of the laboratory, and be enclosed in glass cases. In 
•each case should stand a beaker containing some lumps of 
well-baked pumice stone saturated with strong sulphuric 
acid. The u.se of this is to dry the air in the balance case 
and keep all steel parts bright. The standard balance case 
should be kept locked when not in use. Young students or 
assistants should not be allowed to use a very good balance 
without proper instruction as to its employment. On the 
t-side of the case should be fastened a notice with four rules 


* Hade by the Cambridge Scientific Instrument Company. 
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distinctly printed thereon for the guidance of the inex- 
perienced : — 

1. Never put any object directly on the balance pans, but 
always weigh it in a tared porcelain crucible, watch glass, or 
on a disc of glazed writing paper. 

2. Never add weights to or remove from the pans unless 
the balance is clutched or off its knife edges. 

3. Never leave the balance case open , when making the 
final adjustment of the rider, 

4. Never omit to return the weights to their proper places 
in the weight box as tliey are taken off the pan, or to 
remove the balance from its knife edges when the w^eighing 
is finished. 

From time to time a careful adjustment of the balance 
should be made by an experienced person. 

The balance should be provided with a special short suspen- 
sion scale pan called a specific gravity pan, and a glass stoppered 
bottle should be kept by the case containing well-boiled 
distilled water for use in taking specific gravities. 

The object of which the specific gravity is required should 
be suspended from the hook at the bottom of the short pan 
and so hung by a fine hair taken from a horse’s tail that it 
hangs freely in the distilled water. The temperature of the 
balance case should be taken at the same time. In 
using the balance to determine the mean diameter of a wire 
— which is one of the operations the electrician may 
occasionally have to perform — the known length of wire 
may be folded up into a suitable compact coil so that 
it can be suspended in the water in a small beaker. Air 
is then entangled in the meshes. This should be removed 
by boiling the wire in the water and letting the wire cool 
in the water and not removing it until the weight of the 
mass hanging freely in the water has been taken. 

In many operations in the electrical laboratory, such as in 
meter testing, time has to be determined very accurately. 
For this purpose a good stop-watch or working chronometer 
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(preferably non-magnetic) is required. It is often possible 
to purchase a second-hand ship’s chronometer by a fir&t-class 
maker at a reduced price. If the chronometer is in good 
order it may be sent to Kew Observatory or to Gieenwich. 
to be rated and its true time and temperature rate errors 
determined. The laboratory will then be provided with, 
a good timekeeper by which other wj.tches may be 
checked. 

It is useless to make very careful observations of meter 
errors or electrolytical experiments with a common watch 
^ving a possible large rate error. Under the head of time 
standards, reference may be made to the speed indicators and 
speed counters which are in frequent use in the dynamo 
room. A most useful form of speed counter is one supplied 
by Messrs. 0. Berend & Co., consisting of a revolution counter 
of the usual kind combined with a stop-watch counting 
seconds. The stop-watch is thrown into action by the act 
of pressing the contact point against the end of the shaft, 
the speed of which is required. The time and number of 
revolutions in that time are thus recorded in the same 
period. There are many forms of mechanical speed indica- 
tors or tachometers which record directly on a dial the 
revolutions per minute. Hone of these, however, are accurate 
instruments or can be depended upon to give the actual 
speed within 5 per cent. In careful dynamo and motor trials 
the actual revolutions per minute must always be taken' by 
one observer. 

A very accurate speed indicator which can be practically 
applied to dynamo machines is one depending on the centri- 
fugal pressure of a revolving mass of liquid. A small, flat 
cylindrical box has in it a small four- vane paddle-wheel, 
the shaft coming out through a stuffing box or gland. The 
paddle shaft is attached to the axis or shaft, the speed of 
which is to be measured. The box is carried on an indepen- 
dent support. Two pipes lead to this box, one entering near 
the centre and one leaving near the circumference. The 
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pipe to the centre communicates with a small reservoir of 
coloured water. The pipe from the circumference leads to a 
vertical glass stand-pipe which may be fixed at any distance 
from the dynamo. When the paddle revolves it acts as a 
centrifugal pump, and pumps water from the reservoir up the 
stand-pipe. Equilibrium is established when the hydrostatic 
pressure of the column of liquid in the stand-pipe just 
balances the centrifugal pressure at the circumference of the 
revolving mass of liquid in the paddle-box. The apparatus 
can be calibrated once for all, and the true speeds, corre- 
sponding to various heights of liquid in the stand-pipe, 
marked on a wooden scale-board behind the pipe. An 
arrangement of this kind attached to an alternator is very 
useful in enabling the operator to set the machine to give a 
certain frequency and to keep it at this frequency during 
the test. 

In cases where the above liydrostatic tachometer cannot 
be fixed on account of the power required to drive it, 
recourse must be had to a simple worm-wheel gearing by 
which the speed of the shaft is made to turn a wheel at 
one-tenth, one-hundredth, or less of its own speed. This 
slow-revolving wheel can be made to close the circuit of a 
single-stroke electric bell once every revolution, and thus 
strike a blow at every ten or hundred revolutions of the 
shaft. 

By counting the bell strokes per minute or the time in 
seconds extending over ten bell strokes the speed of the 
shaft is ascertained. 

§3. The Principal Electrical Units and Standards.-— 

Next in importance in the equipment of an electrical testing 
room to the standards and instruments for making the 
fundamental measurements of len^'tli, mass, and time come 
the principal standards of electrical resistance, electromotive 
force, and the means for recovering the standard or unit 
electric current. 
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These principal electrical units have been given legal 
clelinitioii in Great Britain, and identical units have beeii^ 
adopted in other countries. They are accordingly now^ 
called the International units of resistance, electromotive 
force and current, and are defined as follows : — 

The electrical resistance offered to an unvarying electric 
current ly a column of ^urc mercury at the melting j)oint 
of ice, 106‘3 centimetres long and loeighing 14'4521 
grammes, and of constant cross-section, is defined as the 
unit of resistance, and is called one ohm. 

The ohm so defined is intended to represent 10'^ absolute- 
electromagnetic units (C.G.S.) of resistance. 

The unit electric current is defined by an operation of? 
electrolysis performed with a solution of a silver salt, aa 
follows : — 

The electric current of unvarying strength which, whew 
passed through a neutral solution of nitrate of silver 
containing \o parts hy %oeiglit of the salt to 85 of water, 
using a silver anode and a platinum cathode, deposits silver' 
at the rate of O’OOlllS of a gramme per second, is defined 
as the unit of electric current and is called one ampere!^ 

Tlie ampere so defined is intended to represent or repro- 
duce of an absolute electromagnetic (GXhS.) unit of" 

current. 

From the unit of resistance and current is defined the unit, 
of electromotive force : — 

The unvarying electromotive force which creates in a 
circuit having a resistance equal to one olnn an 'unvarying' 
current of one ampere is defined as the unit of electro- 
motive force, and is called one volt. 


* See remarks on page 68 -with reference to more recent determinations ot 
the Electro-chemical Equivalent of Silver. 
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The electromotive force so defined is intended to represent 
or reproduce 10® absolute electromagnetic units (C.G.S.) of 
electromotive force. 

The above units are defined and recovered in the laboratory 
by the use of certain practical standards of resistance, electro- 
motive force and appliances or processes, for electric current 
measurement. 

A principal necessity in an electrical laboratory is, then, 
the possession of satisfactory means for recovering or repro- 
ducing the International ohm, the volt, and ampere. 

Carefully constructed apparatus made for this purpose is 
in use at the British Board of Trade Electrical Laboratory, 
in accordance with the following regulations : — 

— Standard of Electrical EesistaTice, 

The standard of electrical resistance denominated one ohm 
shall be and is the resistance between the copper terminals of 
the instrument marked “Board of Trade Ohm Standard, 
verified 1894,’' to the passage of an unvarying electrical 
■current when the coil of insulated wire forming part of the 
aforesaid instrument and connected to the aforesaid terminals 
is in all parts at a temperature of 15'4°0. 

The ohm so reproduced is generally called the Board of Trade Sta'ndard 
■ohm, to distinguish it from the theoretical or true ohm, which is defined as 1C* 
centimetres per second in C.G.S. measure. The density of pure mercury at 
0°C. is 13*5956. Hence a volume of mercuiy having the form of a right 
■circular cylinder 106*3cms. in length and a mass of 14*4521 grammes, has a 
cross-sectional area of one square millimetre or 0*01 sq. cm. The actual 
principal standard ohm of the Board of Trade has been constructed to repre- 
sent as nearly as possible the International ohm. This last may be otherwise 
defined as the true electrical resistance at O'^C. of a column of mercury 
106*3cms. long and, one square millimetre in section. Present knowledge 
seems to show that the actual Board of Trade ohm standard is 0*02 per cent, 
larger than the true ohm. 

11. — Standard of Electrical Current, 

The standard of electrical current denominated one ampere 
shall be and is the current which is passing in and through 
the coils of wire forming part of the instrument marked 
“ Board of Trade Ampere Standard, verified 1894,” when on 
reversing the current in the fixed coils the change in the 
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forces acting upon tlie suspended coil in its sighted position 
is exactly balanced by the force exerted by gravity in W est- 
minster upon the iridio-platinurii weight marked A and 
forming part of the said instrument. 

III. — Standard of Electrical Pressure. 

The standard of electrical pressure denominated one volt 
shall be and is one-hundredth part of the pressure which when 
applied between the terminals forming part of the instrument 
marked “Board of Trade Volt Standard, verified 1894,’' 
causes that rotation of the suspended portion of the instru- 
ment which is exactly measured by the coincidence of the 
sighting wire with the image of the fiducial mark A before 
and after application of the pressure and with that of the 
fiducial mark B during the application of the pressure, these 
images being produced by the suspended mirror and observed 
by means of the eyepiece. 

In the use of the above standards the limits of accuracy 
attainable are as follows : — 

For the ohm, within one-hundredth part of 1 per cent. 

For the ampere, within one-tenth part of 1 per cent. 

For the volt, within one-tenth part of 1 per cent. 

§4. The Practical Standard of Electrical Resistance. — 

The practical standard or unit of electrical resistance is 
officially defined as above-^stated in terms of a certain length 
and mass of pure mercury. Great labour has been expended, 
both in England and in other countries, on the determination 
of the absolute specific resistance or the resistivity of pure 
mercury.* The following are some of the values which have 

* See “ The Specific Resistance of Mercury,” Lord Bayleigh and Mrs. 
Sidgwick, Phil. TranB. Eoy. Soc., 1885, Part I., p. 173. Also R. T. Glaze- 
brook, Phil. Ma(j.^ October, 1885. Also R. T. Glazebrook and T. C. Fitz- 
patrick, “ On the Specific Resistance of Mercury,” Phil. Trans, lioy. Soc., 
June, 1888 ; or Proc. Roy. Soc., Vol XHV., No. 270 ; or The Electrioian, 
Vol, XXL, p. 538, 1888 ; Kohlrausch, Abhandt der K. Bayer A had der WisSy 
Vol. XVL, Abtli III., 1887 ; Mascart, Nerville and Benoit, Journal de Phy~ 
sique, 1884 ; Strecker, Wiedemann Annaleuy Vol. XXV., 1885 ; L. Lorenz, 
Wiedemann Annalen, Vol. XXV., 1885 ; Rowland, Proc. British Associadon, 
1887. Also Hutchinson and Wilkes, “John Hopkin’s University Circular,” 
May, 1889. Also “ Recent Determinations of the Absolute Resistance of 
Mercury,” R. T. Glazebrook, The Electriciany Vol. XXV., pp. 643, 588, 1890. 
Also see Prof. J. V. Jones, “ On the Determination of the Specific Re8istanc.e 
of Mercury in Absolute Measure,” PhU. Tr%m. Roy. Soc., 1891, A, p. 2. 
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been obtained for the resistivity of pure mercury at 0°O. in 
C.G.S. units per centimetre cube : — 

Observer. Date. Eesistivity. 

Lord Rayleigh and Mrs. Sidgwick 1883 94,133 

Mascart, Nerville and Benoit 1884 94,096 

Strecker 1835 94,057 

L, Lorenz 1885 94,108 

Rowland 1887 94,072 

Kohlrausch 1887 94,054 

Glazebrook and Fitzpatrick 1888 94,074 

Hutchinson and Wilkes 1890 94,064 

J. V. Jones .. 1890 94,067 

Tlie present accepted value of the specific electrical resistance or resistivity 
of pure mercury at 0°C. is 94,070 C.G.S. units. Hence, a column of mercury 
one metre in length and everywhere of 1 sq, millimetre in cross section has at 
the temperature of melting ice a resistance of 0*94070 ohms, as far as the 
mean of the best determinations will allow us to pronounce. 

The following are the values obtained by the above oliservers 
for the length in centimetres of a column of mercury 
one square millimetre in section and having a resistance 
of one ohm at 0”C. : — 

Observer. Lpgth of column 

in centimetres. 

Lord Rayleigh and Mrs. Sidgwick 106*23 

Mascart, Iberville and Benoit 106*33 

Strecker 106*32 

L. Lorenz 106*26 

Rowland ... 106*32 

Kohlrausch . . - 106*32 

Glazebrook and Fitzpatrick 106*29 

Hutchinson and Wilkes 106*34 

J. V. Jones 106*31 

The value now accepted for the length of the column of mercury one square 
millimetre in section, which has at 0°C a resistance of one International ohm, is 
106*3 cms. 

Continental physicists have devoted considerable time -and 
knowledge to the construction of primary and secondary 
mercury resistances, consisting of mercury specially purified 
and preserved in glass tubes of known dimensions, and 
intended to practically realise the Board of Trade or Inter- 
national definition of the practical unit of resistance. 

Tor the most part, English investigators have given their 
attention to the re-determination in absolute measure of 
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the electrical resistance of certain wire standards, notably that 
called the naean British Association unit, and hence from the 
known resistivity of mercury proceeded to construct the 
most closely approximate realisation of the ohm in wire 
resistances* 

In the majority of instances the standards of resistance 
used in an electrical laboratory are preserved in the form of 
a uniform metallic wire drawn from an alloy of permanent 
composition, and having a small change of resistance with 
temperature. 



a End of mercury tube, s Platinum wire electrode. ^ Platinum wire, 
galvanometer •wires. 

Fio. 4. — Glass Spherical Terminal Vessel of the Berlin Reichsanstalt Stand’ardI 

Mercury Ohm. 


Owing to its fragility and non-portability, a standard of 
resistance consisting of mercury in a glass tube is not 
likely to be constructed or used in any but a national standai'd- 
ising laboratory. The construction of an original mercury-- 
in-glass resistance by which to reproduce the standard or 
international ohm from its definition is a matter requirmg 
the highest skill and knowledge. Broadly speaking, it 
consists in preparing and filling a glass tube of know.i 
dimensions with pure mercury, the weight of which at 0°C. k 

• For additional information on the determination of reBistanoe in absolute 
measure ue Chap. 11., Bbsistakoe Measuhembi^t ; also Tables at the end of 
the same chapter. 


D 
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accurately determined * This tube has its ends included in 
large spherical vessels of mercury to w'hich electrical connection 
is made by means of platinum wires {see Fig. 4). In calculat- 
ing the resistance of the column of mercury from the 
dimensions of the tube and the resistivity of the mercury, a 
correction has to be made in accordance with known 
principles by which the effective length of the tube is taken 
as greater than the actual length by 0*82 of the diameter of 
the tube. For the full details of the construction of an 
original mercuiy-in-glass standard of electrical resistance the 
reader must be referred to the detailed accounts which have 
been given of the production of the mercury standard set up 
in the Physikalisch-Technische Reichsanstalt, in Berlin, and 
the similar work carried out in Parisf by Benoit (see Fig. 5). 

Mercnry-in-glass standards are, however, used only as 
original reference standards. The labour involved in their 
construction and the necessity for great precautions in their 
■employment to reduce the whole mass of glass and mercury to 
a known temperature before making a measiuunnent with 
them renders them unfit for ordinary laboratory use. For 
all ordinary standards, multiples and subiriultiplesof the ohm, 
a wire resistance standard is much more convenient and is 
usually employed. The two principal allays which Iiave been 
found sufficiently permanent and of sufficiently small tem- 
perature coefficient to use in the construction of such a wire 
standard are a platinum-silver alloy and a ternary alloy of 
copper-manganese and nickel called Mmgmm, There are 
therefore, preserved in the various national electrical labora- 
tories numerous copies of the ohm in the form of wire 
standards, which are intended to have, as nearly as possible, 
a resistance eqiual to the true ohm. 


For instructions for the purification of the mercury, see the lieichtanstaH 
directions, as set forth by Dr. Jaeger, The EUGiTumn, VoL XXL., p. 395 

Pl'ysi^Msch-'TecbiHBcheReichaanatalt,” by Dr. Jaeger, traiinkted 
&om Zevtsohnft fur Imtrummtenhmide, VoL XVL, pp. 134-146 

1896. Also see Benoit, (Jmpecs iZcnciwj, Vol. XCIX, p 8^1884 
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The original British Association -wire resistance standards 
are in the custody of the Secretary of the British Associa- 
tion Committee on Electrical Standards ; the Board of Trade 
standards are kept at the Government Electrical Laboratory, 
Whitehall, London ; and carefully constructed standards 
of electrical resistance of the same character are preserved 
at the Physikalisch-Technische EeichsansUlt, in Berlin, 
and at the Bureau International des Poids et Mesures, near 
Paris, 



Fig, 6. — Secondary Standard Mercury Ohm, 

Secondary standards or copies of the ohm, consisting of 
mercury contained in tubes of Jena glass with platinum 
electrodes sealed through the glass, have also been con- 
structed at the Physikalisch-Technische Eeichsanstalt, in 
Berlin {see Fig. 6) and by Benoit, in Paris. These secondary 
mercury standards consist of U or W shaped tubes of glass 
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iiif.f4t rart’i'ully in vacnio with mercury and then fixed in 

A in and 1894 of all the mercury and 

of ilir* oiiin, made at the Eeichsanstalt in 
Ikniin, ilial tlmHc Btundartls had remained constant in 

t'fir iwri yt*iirH to within one or two parts in one 

liiiiidriid llioiiHiiiifl. 

A Ilf Very elahorate exjitnimeuts were made in the 

year iHf.t'i mi tin* %mriation of resistance with temperature 
ol inhes between 0® and 28®C., and it was 

friiiiid by Ih'-i. Kreicdeiituer and Jaeger* that the resistance 
III PO. (Ilf) fd irim'cury in Jena glass tubes can be expressed 
if II and 28*{J« as follows 

Itf K i ^ + OiHKmTS + 0‘()00()()125 

wfiiiri? li i» ill!! fi|i|mriint resistance at O^C. 

Tim Irmt tmmititwM of mercury (n) at t^C. is related to its 
reiistiiiice (rj at irii. by the relation 

ri+Cld)ObH827 ^ + 0'00(H)()126i{2) 


fur a tiiii!,!** *4 ti*in|'4orat ure betiWium (PC. and 28*^0. These 
vabe^H ;iri^ not vi*ry fliflerent from those found by Benoit, 

< ^oid. ill hors in 1890.t 

lii of the advantages gained by the use of 

r| ami fluid metal, stich as mercury, as 

tie* •.ujijf* |e>-4Hilile non“|H*riuaneucy of; structure 
«#f” It ’i*4i4 iip‘t;4br iiIImv, w«* Iluve Ui take into account the 
flillit'iilti -4 by larg«*r teinpeniture eocfllcient of the 

jiilfr 

a -4 yi*l wanting to show how far tli« various 
for the wires of standard 


^ Va, L I EhMfirhm, VoL XXX. p. 667 . 

.b i itt hf M. K. Ouillauiaa, at the 

It ' tL n. EUMan. Vol XXIX., 

I m[ ALmmrnhm lH« trtift variation of mercury 

{.. n - r, !l Qixmm!> i + 0 0000010181 1*) 

l?,5 nmr.ii +0-0008Wra*+0-0000010022£<‘) 
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coils, will remain absolutely unaltered over long period? 
of time. It is certainly to a considerable degree dependent 
on the manner in which the standards are made, and how 
far they are allowed to undergo changes of temperature 
in use. 

In the employment of a wire of a metallic alloy as a 
standard of electrical resistance there is always an element 
of uncertainty as to the extent to which time may affect the 
electrical qualities of the alloy. Experiments made by the 
author in 1878 and 1879 on the original British Association 
standard coils (fourteen in number) made of various alloys 
showed that this fear was not altogether groundless, some 
coils in the course of 14 or 15 years having certainly 
changed in electrical resistance. Attention has, therefore, 
been devoted to this question especially in connection with 
the use of manganin and platinum-silver. In 1894 a 
number of resistance coils of manganin (42 coils) and of 
constantan (three coils) were tested at Berlin which had 
been in use about three years. Of these — 

25 coils showed a variation of from 0*00 to 0*01 per cent. 

13 „ „ „ „ 0*01 to 0*02 

5 „ „ ^ „ 0*02 to 0*05 „ 

2 ,, „ „ „ 0*05 to 0*26 „ 

when re-compared with primary standards. 

Confidence in the absolute permanency of electrical resist- 
ance in the case of wire standards can hardly be said to have 
been established beyond doubt. The balance of evidence 
seems to slow that for coils carefully made of well aged 
manganin or platinum-silver it will not he serious. 

One argument which has been used to support the conten- 
tion that an ultimate standard should take the form of 
mercury in glass is the assumed unalterable character of the 
materials thus used. There is a possibility, however, that 
the platinum electrodes may in time slightly dissolve and 
thas contaminate the mercury. 

The alloys which have been found practically satisfactory 
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as materials to employ in the construction of wire-resistance 
standards are 

1. Platinum Silver. — An alloy consisting of two parts of 
silver and one of platinum. This alloy was originally recom- 
mended by the Electrical Standards Committee of the 
British Association. It has a resistivity of 25 to 30 microhms 
per centimetre-cube and a temperature coefficient of nearly 
0*0003, or nearly 0*03 per cent, per degree centigrade. 

2. Mamjanin. — This alloy is composed of 84 parts of 
copper, 12 of manganese and 4 of nickel. Its electrical 
properties and suitability for employment as an electrical 
resistance material were made known by experiments con- 
ducted in the Physikalisch-Technische Reichsanstalt in Berlin. 
Its specific resistance is about 42 microhms per centknetre- 
cube. Between 0*^0. and 10°C. its temperature coefficient is 
0’000025. At some temperature generally lying between 
15^0. and 30°C. it has a nearly zero temperature coefficient, 
and beyond about 30°C. a negative temperature coefficient. 
It has not nearly so great a thermo-electric power -with 
copper as German silver or platinoid. It must, however, 
be aged for use as a resistance material by first heating it 
to a temperature of 140^^0. for five or ten hours in an air 
bath to prevent subsequent changes in resistance. It is 
somewhat easily oxidised, and when used exposed to air must 
be either gilt or varnished. It must not be soldered with 
solder containing zinc.* 

Til the manufacture of commercial resistance coils not 
intended as standards the following alloys are useful : — 

3. German Silver. — This is an alloy of copper (50 to 66 
parts), nickel (13 to 18 parts) and zinc (19 to 3i parts), and 
is of somewhat variable composition in different specimens. 
It is not suitable for the construction of other than commercial 

* Bee Dr. St. Lindeck, The ElecPrician, Vol. XXX._, p. 119, “On Alloys for 
Hesietance Coils.” “ On the Permanency of Manganin Resistances,” see Prof. 
W. R. Ayrton, The Elcctfieian, Vol. XL., p. 39, also p. 227 ; also W. Watson, 
Ptqc. Phys, Soc., Lond., Vol. XVI., p. 25 ; also Drs. Jaeger and St. Lindeck, 
Bcience Abstracts, Vol. L, j). 336, 
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resistances, on account of its rather large temperature coeffi- 
cient (0’0004). It has a resistivity varying from 20 to ^0 
inicrolnns per centimetre-cube. 

4. FMinoid , — An alloy resembling German silver in com- 
position, but containing in addition about 2 per cent, of 
tungsten. It has a smaller temperature coefficient (0'0003) 
than German silver, and preserves a better surface in air. 
In some specimens, however, time and temperature produce 

• a certain brittleness, and it seems to be attacked when 
exposed in moist air containing carbonic acid.* It has in 
some specimens as high a resistivity as manganin, viz., 40 to 
45 microhms per centimetre-cube, but in other samples the 
resistivity is as low as 30 microhms per centimetre-ciibe. 

In addition to the above well-known alloys of definite 
composition, a number of patented and commercial alloys, 
the composition of which is not made public, are in use for 
the construction of resistances in which a small temperature 
coefficient is not of the greatest importance. These alloy.s 
are employed in the manufacture of regulating resistances, 
hut are not used for resistance standards. Such alloys are 

5. MheosUne . — A nickel-steel alloy, having a resistivity of 
about 77 microhms per centimetre-cube and a temperature 
coefficient of 0'00119.'f* 

6. Xmpjpm , — An alloy having a resistivity of 83 microhms 
per centimetre-cube and a teniperatuie coefficient of 0'0013.J 

7- Madfidd's Resista . — An alloy having a resistivity of 76 
microhms per centimetre-cube and a temperature coefficient 
of 0*0011. 

. 8. RmJcd.—An alloy having much the same electrical 
qualities as platinoid, but not so liable to brittleness. Its 

* See Mr. Rollo Appleya-rd, “On the Failure of German Silver and Platinoid 
Wires,” The Electrlcim, Vol. XL., p. 227, 1897 ; also ibid. Electrical Review, 
Tol. XLII, p. 536 ; Science Abstracts, Vol. I, p.412 ; JPrco Phm Soc Lond 
Vol. XVI., p. 17. t . j 

t Vsiii Aubel, The Electricutrn, Vol. XL., p. 315 j or Scieticc Abstracts 
Vol. I, p. 19, ’ 

t See The Blectricim, VoL XXXIL,p. 351 ; also Eleotratecknische Zeitschrift, 
December 15, 1893 ; also see Van Aubel, The Mectricim, Vol XXXIII, p. 122 
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The authorities of the Berlin EeicLsanstalt have dev'ote<J 
great attention to the consideration of the best form to give 
to a wire standard of electrical resistance, and the folio win o- 

o 

is a description of the form adopted at present (1900) A 
section of the standard is shown in Fig. 7. 



The resistance we is a carefully insulated vire wound on 
a brass cylinder, the wire being doubled on itself to annul 
inductance as much as possible. The wire is laid on in. a 
single layer. The ends of the wire are silver soldered to 
square nuts, which are in turn soft soldered to heavy copper 
terminal rods. The final adjustment of resistance is made by 
shortening a much liner parallel wire. Thus the 01 ohm 
standard consists of two wii-esin parallel: one the principal 
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wire, and another wire one-tenth of the section and ten times 
as long as the first. Hence a change in length of one metre 
of the fine wire is equivalent to only one millimetre change 
in length of the principal wire. The coil so wound and 
adjusted is hung in a hath of paraffin oil and contact is made 
with the copper leads of the coil by means of the mercury 
cups. When in use the oil is kept v/ell stirred by a stirrer 
driven by a small electromotor. In preparing the coil the 
silk-covered resistance wires are wound on the brass core 
and made to adhere to it by melted shellac. The coil 
is then heated for ten hours to 140^0. This baking not 
only gives the coil the necessary insulation froni layer to 
layer (which is of the order of a million megohms), but 
ages the manganin and prevents subsequent secular change 
in resistance. 

In the use of a coil of the above kind as a standard of 
resistance it is desirable, if extreme accuracy of comparison 
is required, that the power wasted in the resistance coil shall 
not exceed one watt. The oil in which the coil is immersed 
must be kept in thorough circulation, preferably by means of 
a stirrer driven by a small electromotor, when a measurement 
of resistance is being made. For furtlier and fuller information 
on the details of the constriiotion and mode of use of the Ileicli- 
sansta.lt standard wire coils, the reader is referred to a paper 
by Drs. K. Feussner and St. Liiideck in the ZcitsrJirift fur 
Imtrurrhmtenlmnde, FToveuiber and December, 1895.* 

In addition to the principal standards of resistance in a 
laboratory, whicii must always be carefully used, it is neces- 
sary to possess certain working standards for general use. A 
convenient form for these secondary reference standards has 
been designed by the author.! 

This laboratory standard resistance coil is made as follows 
The brass case or shell which contains the coil is in the form 

* See The Electrician, Vol. XXXVI,, p. 509, 1896 ; also Drs. Jaeger and 
K. Kahle, Wied. Ann,, No. 3, 1898 ; The Electrician, Vol. XL., r>. 847 ; Science 
Abstracts, Vol. L, p. 412. 

+ See Phil. Mag., January, 1889. 
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of a ring {see Fig. 8). This ring consists of a pair of square- 
sectioned circular troughs provided with flanges which can 
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l-VdiK llii.s nuL' vrcH-f.-d ujiwunis two brass tubes about five 
or six ini-hos in b-nyth. Down tlicse brass tubes pass the 
tir n«ls, au<l tbcsu rods are insulated from 
(ho lubes at the tup and btaumi by (sbonite insulators. The 
insiiliitor at fbr bniti.iu of ibe tulrc, where it enters the rin<', 
is a .sini{>b' colbir, that at tlie toji has the form of a funnel 
•■orruyated on its outer snrfaee. The use of this funnel will 
be referred to presently. The actual re.sistance-coil is a 
leiiyth of platiiiuuf-.silver wire three-fold silk-covered. The 
iiilk-coverwi wire is first baked alaive 10()°C. to dry it com- 
[fletely, and them innnerKeil in melted ozokerit, or better, in. 
shellac varnish made up with absolute alcoliol. 

The HO insulated wire is cut about the proper length and 
laid d(/ulile or folded (Uice upon itself, and then rolled up on 
a wooden inaudril s(» as to form a e.ircular coil of diameter 
snitalile to ilroji into tin* holk)w of tlie brass ring. The wire 
being wound double, its coefficient of self-induction is 
reudered_ very small, 'I'liifi coil f>f wire is then wrapped over 
with white .silk and again ilipped in melted ozokerit. The 
iinda of the wire are next .soldered into nicks in the ends of 
the copjHtr raib, tliey having been previously pushed a little, 
rvny through the. braHs tube.s for the purpose, and afterwards 
drawn lutek int«j pretper positiotis. The coil is then packed 
into the cirmilur groove, and, after adjusting the resistance to 
the. projHT value, the iKitUnu lialf of the ring is placed over it. 
A thin washer of imliarubber is inserted between the flanges,, 
and the whole screwiul tigldly tog«!ther. The resistance-coil 
is thus unclosed in a thin ring of metal, and can be placed 
wholly iielow the Kurfatas of water or ice. In order to test 
the tightiiesH <»f liie jointe, a litths bjst-pipe is provided on the 
upjMsr Hurfaee of ihe ring. By placing the ring coil below 
water and Idowing into the, tt;st-pipe, the good fitting of the 
joints <!iin be assured. The aperture of tliis test-pipe is after- 
wanls cIoHwl liy wdder or a aensw Fig. 8). 

Apart from tlie insulation of tins coil iteelf, it will he appa- 
r«!nt that this insiilntion is limiUnl by the amount of insulation 
resistance at the tdamite insulators at the top end of 

the brswH ttilse*. Any leakage from the copper rod over 
these insnlatorH to the Imis-s tube destroys to that extent the 
insulaMon «if the coil. Tim olijecfc of ranking these external 
iniulatorH funael-sliaped is to prevent surface-creeping due 
to oondensalion of moisture on them, by placing paraffin oil 
or insulating liquid in the funnel-shaped cavity. Wlien. 
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this is done, even if dew should collect on the outer 
surface of the funnels, the inner surface is kept dry by 
the paraffin oil placed in them, the action being the same 
as that in the well-known Johnson, and Phillips liuid 
insulator. 

The ring coils when in use are placed in rather shallow 
zinc troughs, which can be filled with water, and are closed 
with a wooden lid. When so placed the whole of the 
actual coil or resistance part is down beneath the liquid at 
one level, where the temperature can be accurately ascer- 
tained. The insulators and point of emergence of the 
electrodes are away up above the level of the water, and well 
protected from any action which might permit of leakage 
over them. The large metallic mass of the ring assists in 
bringing the resistance-coil quickly back to the tempera- 
ture of the surrounding water, and the coil therefore 

tests quickly.” In all other re-^pects these standards of 
resistance are as compact and portable, and not more 
expensive to construct, than the old form of B.A. standard, 
whilst obviating the difficulties which present themselves 
in the use of the old form in v(iry accurate comparisons of 
resistance. 

It is quite possible to have two or more coils of wire inside 
the same ring, each coil having its separate pair of electrodes. 
A useful coil of this form can be made up containing 1, 10, 
.and 100 ohms, so that comparisons can be quickly made at 
the same temperature with these three multiples of the same 
unit of resistance. 

In an ordinary electrical laboratory the electrician will not 
•often be called upon to make and adjust the principal stan- 
dards of resistance himself. This is an operation requiring 
great care and patience and some skill. Suffice it to say that 
•one of the best means of making the final adjustment of 
resistance coils to an exact value is to wind on the coil two 
insulated wires of the same material in parallel. One of 
■these is the principal resistance wire, and the other is a 
much longer wire of smaller section, and is the adjusting 
wire. ..The principal wire is, in the first instance, cut to a 
length which shall be greater than the resistance required. 
“The following table may serve as a rough guide in making 
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In consequence of the slight uncertainty which still exists 
as to the true value of the various practical standards of re- 
sistance, it has been proposed by Prof. J. Virianiu Jones that 
the ultimate standard of resistance shall not be embodied in 
the form of a wire, but shall be recovered when required by an 
absolute determination (see The Electrician, YoL XXV., p. 552; 
also Ptoc. British Assoc., Leeds, 1890, ‘^Suggestions Towards 
the Determination of the Ohm ’’). With this object he has 
perfected the Lorenz apparatus for the absolute determination 
of resistance. His proposal is that such an apparatus shall be 
set up in national standardising laboratories, and that when 
it is necessary to evaluate a secondary standard of resistance 
this shall be done by an absolute determination of the same. 
In the Lorenz apparatus the essential portion consists of a 
metallic disc revolving in the interior of a carefully arranged 
spiral coil of wire. If an electric current is sent through the 
coil, and if the disc is set in revolution, the disc becomes the 
seat of an electromotive force. This electromotive force may 
be balanced against the fall of potential down a certain 
resistance in circuit with the coil. When once the dimen- 
sions of the apparatus have been determined, the actual 
observations necessary to obtain the absolute value of the 
resistance of the inserted conductor are reduced to the deter- 
mination of the speed of revolution of the disc, and the 
absolute value of the resistance is given as the product of a 
calculated coefficient of mutual induction and an observed 
number of revolutions per second. Since the things actually 
observed are merely a speed and the absence of a current in 
a circuit, extreme accuracy of measurement can be obtained. 

These necessary measurements can be canied out with a 
very high degree of precision, and with a well-made Lorenz 
apparatus it is possible to determine the value of a resistance 
of the order of an ohm with an accuracy of one part in 10,000.* 

♦ For a fuU deaoription of the Lorenz apparatuB the reader b referred to a 
lecture given by Prof. J. V. Jones at the Royal Institution, May 24, 1896 
see The ElcctTixivm, Vol. XIOCV,, pp. 231 and 265 j also the PTOC6ediifW$ of 
the .Royal Institution, Vol. XIV., p. 601. Also to an account of “ A Deter- 
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§5. Ciirpent-Ca.rrying Standard Besistaaces. — In addi- 
tion to resistanoe ooilS; -wliicli aie intended to be used merely 
witli very small currents passing through them, the electrical 
laboratory must be provided with a graduated series of 
resistances capable of carrying ox passing large currents and 
for use in ineasarements in which the fall in potential down 
a conductor of known resistance is made to yield a know- 
ledge of the current passing through a conductor in series 
with the resistance. 

These resistances are called Current Resistances, or some- 
times Mho Stccudards. Resistances of the above kind are 
now made by instrument makers in the form of thick 



Fia. 9.— Standard O’l Ohm Resistance to ccirry 10 amperes. 


manganin wires in well-ventilated brass cases (see Fig. 9), 
and ill the form of manganin strip soldered to end blocks 
Tigs. 10 and 11), or in the shape of tubes of manganin 
with end terminals {see Fig. 12). The great aim in the con- 
struction of these resistances for large currents is to afford 


mmation of the Uhca made in Testing tho Lorenz A^ppara-tus of the McOill 
UniYersity, MontreaV’ Profe. Ayrton aud Jones, see The Electrician^V oh riXi.. 
p. 160, 1897. Tliese experiments seemed to ahow that the Board of Trade 
staodard ohm is between two and three parts in 10,000 larger than the true 
ohm. In other words, it is 0*02 per cent, greater than 10^ centimetres per 
second. [See Prof. Ayrton on “ Our Knowledge of the Value of a Resistance,” 
The £hairician,Yo\, XL., pp. 133 and 149.) See also Chapter II., Itoisi’ANOB 
MBA.8UUa;MKNT. 
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sufficient surface to carry off the heat generated hy the 
current, either by air convection or by radiation. 

. With the object of obtaining great current-carrying 
capacity, some makers, such as Mr. Crompton, make these 



Fi(f. 10. — Bare Metal Strip Resistatice for Currents up to 1,500 amperes. 



Fici. 11. — Metal Strip 0*1 Oliui lies sttiiice fvr Currents up to 15 amperes. 

standards in the form of tubes of manganin through which 
water can be passed, and by this means they construct 
standards of resistances capable of carrying without sensible- 
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heating very large currents. In Fig. 12 is shown a tubular- 
resistance made to carry 1,500 amperes. The resistance is: 
0*001 of an ohm. Hence the fall in potential down it at full 



E 2 
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load is 1*5 Yolts. The water used for cooling is circulated 
through the pipe by a rubber hose, and the current density 
in the metal rises to 13,000 to 20,000 amperes per square 
inch without risk. The potential measuring connections are 
attached to terminals on clamps which are fixed at such 
distances as to define exactly the resistance required. 

These current-carrying resistances are always provided with 
two pairs of terminals, one pair called the current terminals, 
by which the current is led in and out, and another pair 
called the potential terminals, between which the resistance 
has its stated value. 

A most essential possession in an electrical laboratory or 
testing room is a set of low resistances of the following 
.capacity : — 

1. One-ohm resistance, carrying one ampere. 

:2. One- tenth of an ohm resistance, carrying 10 amperes. 

3. One-hundredth of an ohm resistance, carrying 100 

amperes. 

4. One-thousandth of an ohm resistance, carrying 1,000 

amperes. 

These resistances should be of manganin strip or wire, 
the surface being gilt to prevent oxidation and the surface 
of such sufficient area that the resistances do not become 
heated beyond 60°C. when kept in circuit for some time. 

In using them the electrician may either take their value 
for granted from the reputation of the maker, or, if possible, 
and far better, get them checked by some authority. In 
default he may proceed ah initio, and construct for himself 
low-resistance standards by means of the resistance standards 
prepared for use in Wheatstone bridge measurements. 

The method which may be adopted of creating a standard 
of low resistance, which shall have approximately a defined 
value, is as follows: — Let 1, 2, 3, &c. (Fig. 13), be mercury 
cups, connected, as shown, by resistance coils r^, r^, &c, Let 
there be an even number of mercury cups on each side, and 
therefore an odd number of resistance coils. Arranged in 
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this way, the coils r^, &c., are ia series. If r be the resis- 

tance of each coil such as and there be n coils, the total 
resistance in series will be n r. Let two copper combs, A and 
B, made of very thick high- conductivity copper rod, be pro- 
vided with claws, which enable them to connect together the 
mercury cups on each side when dipped into them. Suppose 
the cups 1, 3, 5, &c., connected on one side, and the cups 
2, 4, 6, &c., on the other, then the coils rj, &c., will now be 
in parallel between A and B, and the joint resistance between 

A and B will be — . The mercury cups must be made of 
copper amalgamated in the interior, and tiie ends of the comb 



Fig. 13 . 

terminals he pressed down very strongly on the bottom of 
these cups when the resistances are thrown into parallel. 

E 

If E be the ioint resistance of the n coils in series, then 

will he the joint resistance in parallel. If, however, the 
resistance of each coil is different, then, if &c., be 

the conductivities of each coil in mhos — that is to say, 
the reciprocal of its resistance measured in ohms — the 
cotal conductivity K, when arranged in parallel, will be 
+ = total parallel mho conductivity is 
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the sum of the separate mho conductivities of each coil. 
Suppose that a current is passed through such resistances in 
parallel, it distributes itself between the coils, and, if we 
know the conductivity of each coil, and can m'<^asure tlie 
difference of potentials between A and B, we have at once 
the means of calculating the current. 

Moreover, we can discover whether the initial resistance 
of the combined resistance has appreciably changed by the 
heat due to the passage of the current, for, by raising the forks 
out from the mercury cups, the n resistances, which were a 
moment ago in parallel, are now in series, and the actual 
change in resistance of the % in series is times the actual 
change in resistance of the n in parallel. We get, therefore, 
a resistance of considerable, or, at least, not very small magni- 
tude to determine, and by performing the operation of 
throwing the coils into series and measuring their resistance 
on a bridge we can determine within a small amount any 
change in resistance due to heat generated in any time in the 
conductors. Hence, generally speaking, the method consists 
in providing an arrangement by which resistances can be 
arranged in parallel and traversed by the current to lie 
measured, and then thrown into series to determine what 
change, if any, the conductor has experienced in resistance, 
and calculating from this change, when measured in series, 
the change when arranged in parallel. 

Accordingly, the procedure is as follows Suppose it is 
desired to construct a resistance of one-tenth of an ohm and 
capable of carrying ten amperes. The first step is to 
measure on the Wheatstone bridge, as subsequently ex- 
plained, the resistance of a series of wives, and to make tliein 
exactly equal. For this purpose select platinoid wire No. 18 
S.W.Gr. and measure the resistance of any length of this wire 
on the bridge. Then calculate the length of the wire; whieli 
will have a resistance of slightly more than one ohm. 
Prepare in this way ten similar wires. Each platinoid wire 
fe T-ben silver soldered to a square nut of well tinned copper, 
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which is drilled with a central hole. The resistance of each 
wire is then made exactly the same by rubbing down with 
glass-paper all the wires until they are exactly equal in 
resistance to each other and to the highest in resistance of 
the ten. This process needs much care and patience. The 
ten wires having been made absolutely equal in resistance 
at the same temperature, the true resistance of each one is 
determined. The ten wires are then joined in parallel by 
passing a screw through the holes in the ten terminal nuts, 
and by heating these tinned blocks to the melting point of 
tin, they are compressed and soldered together into one mass. 
We have then a resistance of one-tenth of an ohm con- 
structed of ten one- ohm wires in parallel. A potential wire 
or terminal is then soldered to the terminal blocks as near 
as possible to the place of contact of the resistance wires and 
the terminal blocks. 

A more careful comparison must then be made between 
this one-tenth ohm standard and a one-ohm standard coil by 
means of a low resistance bridge or potentiometer, as sub- 
sequently described, and the nearest value determined for the 
resistance at a known temperature of the one-tenth ohm 
standard. A much more tedious process of the same nature 
would result in the construction of a one-hundredth of an 
ohm standard. When once original standards of low resis- 
tance have been standardised or measured by means of the 
Lorens apparatus, it is comparatively an easy matter to copy 
or reproduce them.* 

The minimum outfit of carefully standardised resistances 
which any electrical laboratory should possess is as follows : — 

1. A 100-ohm standard. 

2. A ten-ohm standard. 

3. A one- ohm standard. 

the above to be coils suitable for comparison on a 

* For determinations of tho value of low resistances by the Lorenz apparatus 

Prof. J. Viriamu Jon*^®’ Standards of Low Resistance,” Th& Eltotriaimi^ 
Vol. XXXI., p. 620. 
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Wheatstone Bridge, hut not necessarily adapted for carrying 
large currents. Tn addition should be provided . 

4. A one-ohm standard, capable of carrying one ampere. 

5. A one-tenth of an ohm standard, for carrying up to ten 

amperes. 

6. A one-huiidredth of an ohm standard, capable of carrying 

up to 100 amperes. 

7. A one-thousandth of an ohm standard, capable of carry- 

ing up to 1,000 amperes. 

The last four coils or strips must be suitable for measurement 
of current by the fall of potential method, and have potential 
terminals attached to them. 

Tn addition to resistances of the above kind, for much 
work, especially on insulators, it is necessary that the 
laboratory should possess certain high resistance standards 
A standard wire resistance megohm is, however, a somewhat 
expensive article. Many cheap substitutes have been pro- 
posed in the form of carbon or other admixtures of semi- 
conductors. For really careful work nothing, however, is 
satisfactory except a high resistance wire standard, preferably 
of manganin in the form of ten coils each having a resistance 
of 100,000 ohms. In the case of these high resistance 
standards the insulation of the separate coils and of their 
terminals becomes a very important matter. The coil 
terminals must be carried on tall corrugated ebonite pillars, 
and these must be placed a considerable distance apart on an 
ebonite base, A standard megohm box of this kind must be 
carefully protected from light and dust. Exposure to light 
destroys the surface insulation of ebonite.* The coils 
themselves must be insulated with well-baked solid shellac, 
and be suspended or carried on glass rods, also varnished, 
or covered with well-baked shellac. 

* The action of light and air oxidises the sulphur in the ebonite md 
produces a conducting layer, probably of sulphuric acid. This can be 
removed by washing with a dilute solution of soda, then thoroughly drying 
the ^rface and rubbing with a clean rag moistened with perfectly drv 
paraffin oil. ^ j j 
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§ 6. The Recovery of the Standard or Unit Electric 
Current. We proceed, in the next place, to consider the 
means and instruments necessary to recover the standard 
electric current, and to compare currents with the autho- 
rised unit of electric current, called the ampere. The 
practical and legal definition of the ampere or unit of 
current is based upon the power of the current to cause 
electrolytic decomposition in a standard electrolyte, such as 
a neutral solution of the nitrate of silver when electrolysed 
with a silver anode anrl a platinum cathode. The British 
Board of Trade have issued a specification for the electrolytic 
measurement of unvarying electric currents, and the arrange- 
ment of apparatus and process is as follows : — 

BRITISH BOARD OF TRADE SPECIFICATION FOR MEASURING ELECTRIC 

CURRENT. 

In the following specification the term siber voltameter means the 
arrangement of apparatus by means of which an electric current is passed 
through a solution of nitrate of silver iu water. The silver voltameter 
measures ths total electrical quantity which has passed during the time of 
the experiment, and by noting this time the time average of the current, or 
if the current has been kept constant, the current itself can be deduced. 

In employiric: the silver voltameter to measure currents of about one 
ampere the following arrangements should he adopted. The cathode on 
which the silver is to be deposited should take the form of a platinum bowl 
not less than lOcm. in diameter, and from 4cm. to 5cm. in depth. 

The anode should be a plate of pure silver some 30 sq. cm. in area and 2mm. 
or 3nim. in thicknesp- 

This is supported horizontally in the liquid near the top of the solution by 
a platinum wire passed through holes in the plate at opposite corners. To 
prevent the diHintegrated silver which is formed on the anode from falling 
on to the cathode, the anode should be wrapi)ed round with pure filter paper, 
secured at the back with sealing wax. 

The liquid should consist of a neutral solution of pure silver nitrate, 
containing about 15 parts by weight of the nitrate to 85 parts of water. 

The resiKtance of the voltameter changes somewhat as the current passes. 
To prevent these changes having too great an effect on the current, some 
resistance bcHidcs that of the voltameter should be inserted in the circuit- 
Tbe total metallic resistance of the circuit should not be less than 10 ohms. 

Method of Mahinej a Meastircnxnt. 

The platinum bowl is washed with nitric acid and distilled water, dried by 
heat, and then left to cool in a de.siccator. When thoroughly dry it is weighed 
carefully. 
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It is nearly filled with the solution, and connected to the rest of the circuit 
by being placed on a clean copper support. to which a binding screw is attached. 
This copper support must be insulated. 

The anode is then immersed in the solution so as to be well covered by it and 
supported in that position ; the connectious to the rest of the circuit are made. 

Contact is made at the key, noting the time of contact. The current is 
allowed to pass for not less than half-an-hour, and the time at which contact 
is broken is observed. Care must be taken that the clock used is keeping 
correct time during this interval. 

The solutionis now removed from the bowl, and the deposit is washed with 
distilled water and left to soak for at least six hours. It is then riiised 
successively with distilled water and absolute alcohol and dried in a hot-air 
bath at a temperature of about 160°C. After cooling in a desiccator it is 
weighed again. The gain in weight gives the silver deposited. 

To find the current in amperes, this weight, expressed in grammes, must be 
divided by the number of seconds during which the current has been passed, 
and by 0*001118. 


There seems reason to believe that the above officially- 
adopted value of the electrochemical equivalent of silver is 
about one part in a thousand too small, if the ampere so defined 
is to represent one-tenth of the absolute C-G.S. unit of current. 

A careful discussion of the different values obtained for the 
mechanical equivalent of heat (=J=: Joule’s equivalent) has 
shown that the best results obtained by the heating of water 
electrically are in excess of the best results obtained l)y 
mechanical friction methods by about one part in 400. Thus 
at 19T° by the Paris nitrogen thermometer the values of J 
are as follows per degree Fahr. : — 


By Mechanical Methods, 


Joule 774 foot-pounds. 

Eowlaud 776*1 „ 


By Electrical Methods. 

Griffiths 779*1 foot-pounds, 

SchusterA: Gannon 778*6 „ 


More recent determinations of the electro-chemical etjiiiva- 
lent of silver gives the value 0-0011192 grammes per ampere- 
second (see Electrical Rerim, September 30, 1898) and the 
adoption of this constant instead of O'OOlllS removes nearly 
all difference between the value, of J when determined 
mechanically and electrically. 


The result of the measurement carried out as above specified 
will be the time-average of the current if during the interval 
the current has varied. 
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In determining by this method the constant of an 
ment the current shall be kept as nearly constant as posBxl > « 
and the readings of the instrument observed at ' 

intervals of time. These observations give a curve 
which the reading corresponding to the mean current 
average of the current) can be found. The currei'xt, 
calculated by the voltameter, corresponds to this readii'x S- 
The every-day practical measurement of current iB 
performed by some instrument which gives not merely 
time-average, but the precise value at any instant. Sooh xit— 
■struments are called amperemeters ox ammeters. Of the 
principles employed in the construction of ampere xo-etci'B 
none is so well adapted to the construction of a 
instrument as the utilisation of the fact that foroos 
attraction and repulsion exist between conductors caxryix*f? 
electric currents. These instruments, which are varioxxsly 
called electro-dynamometers, current balances or axrxi>ei*<3 
balances, may all be said to be modifications of the eleotro-- 
dynamometer, which was first described by Weber izx la is 
Electro-dy namische Maasbestimmungen ” (Leipsic, XS4=0)^ 
The principle on which these instruments act was made kn o w ii , 
however, twenty-five years previously. On September 26, 1 8 2 O, 
Ampere announced to the Academy of Sciences in Fxe.nco 
that he had discovered the existence of forces of attraction 
and repulsion between conductors of non-magnetic matex'icxl 
traversed by electric currents. The experiments of Aiixpeve 
and the subsequent elaborate researches of Weber (W. Wei 
Electro-dynamische Maasbestimmungen,” Thl. I., s. lO, 
1846, Auszug in Fogg. Annal, Bd. LXXIII., s. 193) eBtxrIx- 
lished the fact that, if there be a fixed and a movstble 
conductor in the neighbourhood of each other, traversed. l>y 
the same electric current, there will in general be at 
mechanical stress brought into existence, which will texicl 
to displace the movable conductor and to bring it into ft. 
position relatively to the fixed conductor in which 
mechanical stress between them is zero. The mutual fox-ee 
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or stress between these mutaally influencing portions of the 
same circuit is, in any given position, proportional to the 
square of the strength of the current traversing the two 
portions of the circuits In the ampere balances invented by 
Lord Kelvin this stress is measured by comparing it with or 
^balancing it against the weight of certain standard masses; 
'in other words, the electro-dynamic stress between electric 
circuits is compared with the gravitation stress on a given 
mass. 

The great difficulty which has hitherto presented itself to 
all who have attempted to design instruments on the electro- 
dynamometer principle for any but very small currents has 
been that of getting the current into and out of the movable 
conductor. The device on which most experimentalists have 
fallen back is that adopted by Ampke himself, viz., to use 
mercury cups as a means of constructing a flexilfle and 
conducting joint. The use of mercury is open to many 
objections. The surface gradually becomes oxidised, the 
cups must be filled and emptied each time the instrument 
has to be transported, and the joint with impure mercury is 
by no means exceedingly flexible The great novelty in the 
ampere balances of Lord Kelvin was the invention of a joint 
or electric coupling which is excessively flexible, and at the 
same time capable of being constructed so as to (uiny witli 
safety any current desired. This was accomplished by the 
introduction of a device which may be called a metallic 
ligament. The general principle of its construction, and the 
mode of rendering a circuit freely movable, yet accessible 
to a large current, may be described as follows:— Let A A 
(Fig. 14) be a pair of semi-cylindrical fixed trunnions, wliicli 
are carried on some form of supporting frame and held with 
the flat sides downwards. Let B B be two similar trunnions, 
which project out from the sides of two strips, connecting 
together a pair of rings CC. The pair of rings and the 
connecting strips constitute the circuit which is to be 
rendered movable. A current entering by the trunnion 
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-j-B flows round the two halves of the circuit, as shown by 
the arrows, and emerges at the trunnion— B. In Fig. 14 
the current is shown, for simplicity, dividing round the 
two rings. The circuit should in reality be shown so 
that the current goes round both rings in series in figure 
of eight fashion. This is the case in all but the kilo- and 
hecto-anipere balances, in which the current divides round 
the ring, as shown in Fig. 14. To the upper surface of the 
upper trunnion are soldered a very large number of exceed- 
ingly fine copper wires (FTo. 60 B.W.Ct.), which are laid close 
together. These wires are also soldered to the under surfiice 
of the lower trunnion. The movable circuit C C thus hangs 
from the upper trunnion by two ligaments, whicli appear like 
thin strips, but which are really composed of an immense 



number of very fine wires. In Fig. 14 these ligaments ai\ 
intentionally drawn much longer in proportion to the rest ot 
the figure than they really are in the instrument, the object 
being to render the mode of suspension clear. This method | 
of suspension enables the conductor CC to vibrate freely! 
like a balance by a motion which is partly a bending of the i 
flexible ligaments, and partly a sort of rolling and unrolling ' 
of the lower trunnion on the ligament attached to it. B}* 
this ingenious method not only can a heavy copper con- 
ducting circuit of the shape shown be suspended as freely as 
the beam oi a good balance, but at the same time a very 
large current density can be permitted in the flexible liga- 
ment, since its great rafliating surface, and the freedom with 
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which heat is taken out of it by conduction into the mass of 
the trunnions, allows a proportionately very large current 
to be transmitted. If, then, the trunnions A and B are the 
electrodes, the method above described affords the means of 
passing a very large current into the circuit C C, which yet 
at the same time retains within certain narrow limits great 
freedom of movement. Let such a suspended conductor be- 
arranged so as to have a circular conducting circuit of 
annular form, briefly called an ampere ring, placed above and 
below each of the movable rings of the balanced arm. Let 
the connections be made as shown diagranimatically in 
Fig. 15, in which it will be seen that the current entering by 
the 4- electrode flows in series through all four fixed 



ampere rings F, and through the two inuvablo ampere 
rings M. An examination of the direction of current flow in 
each ring will then show that, in consequence of Ampere’s 
law (parallel currents in same direction attract, in opposite 
direction repel), forces of attraction and repulsion will be 
brought into play between each fixed ring and the movable 
rings, which tend to lift one ring M and depress the other, 
and tilt over the balance arm to which they are attached. 
The amperian forces thus exert a couple on the movable 
part. To bring' back the movcoble part to its initial position, 
which we may suppose to he half-way between each fixed 
ring, an equal and opposite mechanical couple must be 
applied. We shall in what follows call the movable part 
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of the conducting circuit the balance coils, and the other 
portion cf the circuit the fixed coils. The operation of 
weighing an electric current consists, therefore, in bringing 
first of all the balance coils into a definite sighted position 
between the fixed coils, then passing the current, and 
bringing back the balance coils into the sighted position 
against the displacing electro-dynamic forces by applying to 
the balanced part a couple produced by a standard weight. 
The restoring couple is applied as follows : — Attached to the 
balanced part or movable / portion is a stiff metal bar, 
turned up at the bottom edge so as to form a sort of long 
shelf. This shelf or tray extends the whole length of the 
movable beam, and moves or tilts with it when the balanced 
part is displaced (see Fig. 16). At one end of the balanced part 
is a small V-shaped tray, in which a weight is placed. A 
standard weight is then placed at the opposite end of the shelf. 
This weight is of such form as to slide along the shelf 
easily. When placed at the zero position on the shelf it. 
exactly balances the counterpoise in the v-trough, and the 
balanced part should be in equilibrium when no current is. 
passing. If it is not so, then a small adjustment can be 
made by means of a metal flag on the beam similar to that, 
on a gravimetric balance, so ns to alter slightly the position 
of the centre of gravity of the balanced ]part. If the sliding 
weiglit on the shelf is moved along towards the middle the 
equilibrium is disturljed and a couple brought to bear upon 
the balanced part, which is proportional to the displacement 
of the sliding weight from its zero position. If a current is- 
passed tlirougli the circuit, and the sliding weight displaced, 
so as to restore the balance to its sighted position, the current 
strength is proportional to the square root of the distance by 
which the sliding weight lias to be shifted in order to restore 
equilibrium. The shifting of this weight is performed by a. 
very ingenious piece of mechanism, which will be understood 
from the enlarged view (Fig. 17). On the base board of the 
instrument, and just underneath the shelf on which the 
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weight slides, is placed a little metal block, which oarric;*^ •* 
stout vertical wire extending a little above the shelf ca-i-i’i ‘ ‘ ^ 
on the balanced beam. From the top of this wire is oarrie<l 
a pendent wire, which hangs down through a notch xxx 
weight which. slides on the shelf. This block, carrying- 
pendant, is pulled along the railway by a silk cord. 
pulled it drags with it the weight on the shelf; but wli€ 3 i> 
the string is released the pendant returns to its vertiai^^ 
position and disengages itself automaticaUy from the weigh 
leaving the balance free to tilt according to the direebioM. 
the forces acting upon it. By this means the weight can ht* 
shifted along until a balance is obtained, whilst at the saxn o 
time the whole balance is covered with a glass case to proteot 
it from currents of air. • 



Ftu. 17.-ShiftiDg.Weight Apparatus of Kelvin Ampere Balance. 

With each current balance four sliding weights and foxix- 
corresponding counterpoises are provided ; the weights bein‘ »- 
in the ratio of 1: 4: 16 : 64. Thus if with the ampere balance 
the lightest weight on the sliding tray in a certain position, 
corresponds to a current of half an ampere through tlxe 
instrument, the next weight at the same place corresporicls 
to one ampere, and with the third weight on it the curren t, 
is two amperes. The upper edge of the shelf on whicli 
the weights slide is graduated into equal divisions, and 
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the weight is provided with a sharp tongue of metal, in 
order that its position on the shelf may be readily and 
accurately determined. For the purpose of avoiding con- 
tinual reference to square root tables, another fixed scale 
is placed behind the shelf, called the inspectional scale. On 
the upper edge of the shelf, along which the graduations are 
made, a small notch is cut at those divisions whose numerical 
denominations are exact squares ; thus, corresponding to 
divisions 1, 4, 9, 16, 25, ^6, &c,, on the scale engraved on the 
shelf are cut little notches in its upper edge. The inspec- 
tional scale is fixed close behind this, and yet not touching, 
and at those points on it exactly behind ' the notches are 
engraved numbers which are twice the square roots of the 
corresponding numbers on the shelf ; thus, corresponding to 
1, 4, 9, 16, 25, &c., on the shelf, the numbers 2, 4, 6, 8, <&c., 
are engraved on the inspectional scale. Since the current 
passing through the balance when equilibrium is obtained 
with a given weight is proportional to the square root of the 
couple due to this weight upon the balance, it follows that 
the current strength when equilibrium is obtained is pro- 
portional to the product of the square root of weight used, 
and the square root of the distance of this weight from 
its zero position ; but the inspectional scale is so graduated 
as to show at a glance the square root of the distance of the 
weight from its zero position, and hence the numbers on the 
inspectional scale indicate half-amperes, amperes, or double 
amperes, according to the weight used. 

In using these and all other gravity instruments it should be remembered 
that the acceleration of gravity, and therefore also the weight of a given mass, 
varies with latitude and with the height above the earth's surface. If M is 
the mass of a body and g is the acceleration of gravity, then its weight 
W=My, and ' 

^=980-6066-2-6028 Cos 2X - 0-000005A, 
where X=latitude and ^=height above sea level in centimetres. 

If, then, an ampere-balance is set to read correctly at Glasgow, it will need a 
correction to be applied if used in other places. The weight of each weighty 
and therefore, the corresponding current, will vary proportionately with 
gravity 
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The following table shows for each type of instrument the' 
value per division of the inspectional scale corresponding to 


each of the four pairs of weights : — 

I. II. 

III. 

IV. 

Centi-amperes 

Deci-amperes 

Amperes per 

Amperes per 

per division. 

per division. 

division. 

(liviaioii. 

1st pair of weights 0*25 

0-25 

0*25 

1-5 


0-5 

0*5 

3*0 

3rd „ „ 1*0 

1*0 

1-0 

. ... 6 0 

4th „ „ 2-0 

2-0 

2*0 

12*0 


The fixed inspectional scale shows approximately enough 
for many j)tirposes the strength of the current; the notches 
in the top of the aluminium sliding scale or shelf show the 
precise position of the weight corresponding to each of the 
numbered divisions on the inspectional scale, and practically 
annuls error of parallax due to position of the eye. When 
the pointer on the weight is not exactly below one of tlie 
notches corresponding to integral divisions of the inspectional 
scale, the proportion of the space on each side to the space 
between two divisions may be estimated inspectionally with 
accuracy enough for all practical purposes. Thus, we may 
readily read ofi* 34:‘2 or 34*7 by estimation, with little chance 
of being wrong by 1*0 in the decimal place. But when the 
utmost accuracy is required, the reading on the fine scale of 
equal divisions must be taken, and the strength of the 
current estimated by aid of a table of square roots supplied 
with each instrument. 

These general principles being understood, we proceed to 
describe the details of the several types of instrumerj^to 
adapted for various ranges of useful measurement. The 
range of each instrument is from 1 to 100 or 1 to 25 times, 
the smallest current for which its sensibility suffices. The 
ranges of the different types of instrument regularly made 
are : — 


The 

Centi-ampere 

balance 

from 

1 to 

100 centi-aini>er<*. 

» 

Deci-ampere 

j) 

jj 

1 to 

100 deci-araperea. 


Ampere 

„ 

n 

1 to 

100 amperes. 

)) 

Deca-ampere 

ft 

ft 

1 to 

ICO „ 


Hecto-ainx)ere 

ft 

ft 

6 to 

600 „ 

>> 

Kilo-ampere 


ft 

100 to 

2,500 „ 
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Fig. 16 shows the general appearance of the centi-ampere, 
deci^ampere and ampere balances, and Fig. 18 that of the 
standard kilo-ampere balance. In these instruments the 
outer diameters of the fixed coils are slightly greater, and the 
inner diameters slightly less than those of the movable rings 
attached to the balance arms. The position of the movable 
rings when in equilibrium and equi-distant from the fixed 
ones above and below it, is a position of minimum force, and 
the sighted position, for the sake of stability, is above it, at 
^ne end of the beam and below it at the other, in each case 
)eing nearer to the repelling than to the attracting ring by 
:5uch an amount as to give about per cent, more than the 



Fiq. 18. — Kelvin Kilo-ampere Balance. 


minimum force. In order to adapt these balances for alter- 
nating currents, a special mode of arranging the conducting 
circuit has to be adopted. In the balances intended for 
alternate currents (which may be used also for direct 
currents) of from five amperes to 250 amperes, the main 
current through each circle, whether consisting of one turn 
or of more than one turn, is carried by a wire rope, of which 
each component strand is insulated by silk covering or 
otherwise from its neighbour, in order to prevent the 
inductive action from altering the distribution of the currents 
across the transverse section of the conductor ; whilst to 
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avoid induced currents in these parts the coil frames and base- 
board are constructed of slate. The hecto-ampere {$ee Fig. 19) 
and kilo-ampere balances are slightly different in arrangement 
from the foregoing. In the last instrument the whole 
current to he measured is passed through a single fixed ring 
and then divides through the two halves of a movable ring, 
which are urged, one up and the other down, by the resulting 
attractive and repulsive forces. 

For the British Board of Trade Electrical Laboratory Lord 
Kelvin designed a special form of ampere balance for 
recovering or defining a current of one ampere, of which 
the following is the official description: — 

CoNsrnucTioN and Use of the Principal Instrument mu 
Determining the Standard op Electrical Current. 

The complete instrument is shown in perspective in Fig. 20,* 
and the details and connections in Figs. 21 and 22. It is 
constructed as follows : — 

Balance and Sup'ports , — A sensitive balance, suitable for 
the accurate determination of weights up to five kilogrammes 
with a beam 16in. in length between the knife edges from 
which the scale pans are hung, is fixed on an upper liori- 
zontal platform of marble, supported on four marble columns 
at a height of 2ft. 3in. above a similar platform fixed on a 
suitable stone pier, bedded solidly in a mass of concrete, and 
kept clear from contact with the wooden floor of the 
laboratory. 

Marble Cylinder , — On the lower platform is placed on 
three supports, details of which are given below, a cylinder 
of white statuary marhle, partly hollow {m Fig. 20). 

The cylinder is thoroughly impregnated with paraffin wax. 
A block of ebonite e (Fig. 21) is fixed, on one side of the 
cylinder, and serves as a terminal board. 

Fixed Coils . — Two circular grooves are cut completely round 
the cylinder, in which are wound coils of No. 18 standard 

* This illustration and many others used in this book are taken from The 
Electrician by permissi-m of the Proprietors. 
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wire gauge (0*12cm. diameter), insulated with two coverings 
of white silk. The wire was passed through a bath of shellac 



Fig. 20. — The Board of Trade Standard Ampere Balance, sliowing the Weight 
raised from the Scale Tan by the Lifting Gear. 

and alcohol as it was wound on the marble, and each layer 
was well coated with the saiue material when in its place. 
Each coil has 16 turns per layer and 16 layers of wire. 
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The coils are both wound in the same direction, and the 
outer ends are strained tight and secured to terminals t t 
(^'ig. 21). 

The inner ends are passed through the marble and secured 
to bolts in connection with terminals i i (Tig. 21). 

Sighting Holes . — Between the grooves on the marble 
cylinder, at points eq^ui-distant from each other, are bored 


2-^nn 
256 fofe 



jb’iG. 21. — Elevation and Part Section of Marble Cylinder of Board of Trade Standard 

Ampere Balance. 

through the marble three sighting holes, one of which is 
shown at h (Fig. 21). These holes are closed on the inside 
by glass, the exact centres being indicated by the intersection 
of two straight lines engraved in the glass, and also by the 
angle of a quadrant of tinfoil affixed to the glass. 
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^‘^'^■^ended Coil, Suspendi'iig Wires, &c. — A circular coil, 
in sectional elevation at c (Fig. 21), and of the 
’^^tasions given, is suspended from one end of the beam of 
* ^^Etlance by means of three gilded phosphor bronze wires 
^6c:m. diameter, w w w (Fig. 21). These wires pass 
an aperture in the upper marble platform, 
t- lu-e wire in this coil is the same as in the fixed coils, and 
*^*^ilarly insulated and varnished. There are 18 turns of 
® in. each layer and 18 layers. Each complete layer was 
•Wed. 24 hours to dry after being coated with shellac 
nish. before the next layer was put on. 

’h-e coil is covered with a taping of silk ribbon, closelj' 
On to overlap, and varnished with shellac in alcohol, four 
each being allowed to thoroughly dry before applying 
J^ext one. 

lie ends of the coil are brought out near each other on 
Tipper surface at I (Fig. 21). A considerable length of 
> is left for each end, and is formed into a spiral, and then 
acted horizontally to the centre of the coil, where the 
vvires terminate, and flexible connections are made by 
i silk-covered silver wires, ITo. 40 S.W.G-., from each to 
oosts jp (Fig 21), which are connected to terminals nn. 
li'ee ebonite blocks b (Fig. 21) are fitted over the coil, as 
ti, and secured by a lashing of silk thread, the suspend- 
vii'es being attached to brass eyelets screwed into the 

cZ rl d (Fig. 21) are shown ivory cranks for effecting the 
isul a^cljugtnient of the suspended coil. 

3 ^i.-ttacliment of the suspending wires to the balance is 
>cl Ijy ivory rings, which are hooked on to a three-legged 
tliis being hooked to the stirrup, hung on the knife 
the beam (see Fig. 21). 

settle pan is also hung from this stirrup, as shown in 

L, 

npper part of each ebonite ijiece 6, facing the 
liole 4, is fixed a mirror M, the centre being ^ixed by 
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the intersection of cross lines and by the angle of a quadrant 
of tinfoil. 

Adpistme%ts. — The proper adjustment of position of the 
suspended coil is indicated by the coincidence of the angles 
of the tinfoil quadrants on the mirrors m, and the glass back 
of holes h, when the eye is so held that no reflected image 
can he observed. 

JUccentric Movement for Morizontal Adjustment — means 
of fine horizontal adjustment is provided in the supports of 
the marble cylinder, which are three short slate cylinders, 
h k h (Fig. 21), having projections from their upper and 
lower surfaces, the upper projection being eccentric and 
fitting in a hole in the bottom of the marble cylinder, and 
the lower projection being concentric and fitting in a radial 
groove in the marble slab. 

The Weight. — The iridio-platinum weight shown in Fig. 20 
can he lowered into the scale pan, and released from the 
outside of the case by a system of levers. 

The weight is accurately 33*55 grammes. 

Enclosure . — The marble cylinder is enclosed by means of • 
three 'sheets of plate glass, which slide in grooves cut in the 
marble platforms, and when in position are in contact with 
the sides of the three marble columns adjacent to the 
cylinder, these sides being coated with baize, the plan of 
this enclosure being an equilateral triangle with the axis 
of the marble cylinder at its centre. The planes of the 
three glass sheets are respectively parallel with those of 
the glass at the back of the sighting hole viewed through 
them. 

The balance is enclosed within a case of mahogany and 
glass (see F^^ 20), and arrangements are made as indicated 
for manipulating the rider weights of the balance and the 
ampere weight from the outside of this case. 

The whole enclosure is fairly dust-tight, and sufficiently 
air-tigbt to prevent any disturbance of the weighing opera- 
tions by currents of air. 
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Connections , — The connections to the reversing switch Z 
{Pig- 22) are brought outside the enclosure by means of rods 
passing through the marble column adjacent to the ebonite 
block. Fig. 22 shows these connections, and the direction of 
the current through the various parts of the apparatus, the 
lower arrows over the fixed coils showing the alteration of 
direction caused by operating the switch. 



A%ixiliary Current Balance, 

In the construction of the standard ampere balance, the 
•chief object aimed at has been the securing of the greatest 
possible constancy and precision of determination. 

On account of the slow period of vibration of the beam, 
however, the use of an auxiliary instrument has been found 
advantageous- 

This is a special form of Lord Kelvin's current balance 
instrument arranged to balance with a current of one ampere 
passing through the coils when a certain vreight is applied to 
•one end of the beam, equilibrium being also maintained 
when, with no current passing, this same weight is applied 
to the other end of the beam. 
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Use of the Listfumcnt-The standard balance, auxiliary 
balance, and the instruments to be standardised are con- 
nected in circuit with a sufficient number of accumulators 
and an adjustable resistance, part of which is capable of 
continuous variation. The whole circuit is arranged so that 
a current of approximately one ampere will pass on comple- 
tion of the circuit. 

This current is allowed to pass continuously for at least 
one hour, being directed through the coils of the standard, so 
as to increase the force of gravity on the suspended coil, and 
the counterweight in the right hand pan being adjusted from 


time to time. 

At the end of this preliminary period the • current is 
g-{;Qpp 0 (^ fox’ 3 , short time to take a reading of the zero of the 
auxiliary balance, and apply a correction by means of the 
rider weight, if necessary. The current is then again put on, 
and as rapidly as possible regulated by means of the adjust- 
able resistance to exactly the value of one ampere, as 
indicated by the auxiliary balance. 

The counterweight in the right hand pan standard balaiice 
is also exactly adjusted. 

The switch Z (Fig. 22) is then operated to reverse the 
current in the fixed coils, and at the same time the weight is 
lowered into the left-hand scale pan. 

The balance should then still be maintained when the 
current, after adjustment, if requisite, is exactly one ampere 
by the auxiliary balance. 

The above-described laboratory forms of Kelvin ampere 
balances are made in two types. They are constructed in 
one form with a sliding weight and scale so as to enable 
any constant current to have its ampere value determined, or 
they are constructed with fixed weights so adjusted that on 
gradually varying the current the balance tips over at certain 
fixed standard currents, say, one ampere or ten amperes, &c. 

In this last mode of use of the balances there is no sliding 
weight and tray but the balances have to be employed in 


I 
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connection with a carbon rheostat or some means for con- 
tinnonsly varying the current strength with extreme precision. 
In the case of a primary standard laboratory balance it is 
better to have it arranged in the second manner so that by 
its means the observer may weigh out, as it were, an ampere 
or ten amperes rather than determine the true value of a 
non-integral current. 

In this last manner the standard ampere balance {see 
Fig. 23) of the Board of Trade is used, and it is desirable, 
where extreme accuracy is required, that the laboratory 
should be provided with a one-ampere fixed standard balance 
of the above-mentioned description. 



Fig. 23, — Standard One-ampere Kelvin Balance as made for the Board of 
Trade Electrical Laboratory. 


Deferring, for the present, details of the standardisation of 
these ampere balances, we may say that the electrical 
laboratory should be provided, at the very least, with two 
standard Kelvin ampere balances, the most useful being the 
deci-ampere balance weighing from one-tenth to ten amperes, 
and a deca-ampere balance weighing from one to a hundred 
amperes. 

These balances should be carefully set up on level stone 
shelves of such height that an observer seated on a stool can 
comfortably read the scale and manipulate the rider. 
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After settincr up the deci-ampere balance it should be most 
carefully standardised by a silver voltameter, using the 
process described in the Board of Trade specification. After- 
wards the balance should not be moved or touched except to 
re-ulate the position of the equilibrium flag ]:)efore each 
weighing. A comparison should then be made between the 
standard Clark or Weston cell and the balance as follows 
Pass through the ampere balance and a tenth of an ohm 
standard coil a current of about six or seven amperes and 
remilate this current to perfect steadiness. Then measure 
with the potentiometer the potential difference between the 
terminals of the standard resistance and calculate from this 
the value of the current. The current as read by the 
ampere balance and the current as determined by the stan- 
dard cell and resistance should agree within one-tenth of 1 
per cent, or to one part in a thousand. 

If any refined or careful measurements are to l)e made tlio 
director of the laboratory should spare no pains to make sure 
that he is in possession of the means of recovering or pro- 
ducing the ohm, the volt and the ampere in his own 
laboratory, and that these should be in exact agreement as 
far as possible with the Board of Trade standards and witl> 
each other. 

It is desirable that the special appliances which form the 
primary electrical standards of the laboratory — the standard 
ohm, the standard Cadmium or Weston cell or the standard 
Clark cell and the standard deci-ampere balance — shall not 
be. used for every-day work, hut kept for special verification 
purposes. 

The laboratory being in the above-described manner pro- 
vided with means ‘for making the tliree fundamental com- 
parisons of length, mass and time by means of a standard 
metre, standard gramme or kilogramme weights and chrono- 
meter must also be provided in the best possible manner 
with the appliances for making the three principal electrical 
measurements of resistance, electromotive force and current 
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l 3 y comparison ■with the standard ohm., standard cell or 
"voltag© and standard current. Before describing the stan- 
dards of electromotive force it is necessary to mention certain 
current regulating devices which are essential requisites. 

§7. The Regulation of Current.— One of the most 
frequently required operations in the electrical laboratory is 
that of the regulation of a current hy means of resistances. 

Each working bench or table should he provided with 
terminals between which a constant potential dijfference of 
lOO volts is maintained. From these terminals, however, 
have to be taken currents of the desired strength. This is 
best done by providing the laboratory with an outfit of 
regulating resistances which, when placed in series with 
any apparatus and across the main terminals, can permit 
only the desired current to flow. 

After many trials and experiments the author devised the 
following form of working resistance, which is exceedingly 
useful in a laboratory — Each element of the resistance is 
called a cage (see Fig. 24), and is made in the following 
manner. A brass rod about 3ft. long carries on it two 
porcelain head-pieces or discs having porcelain pin projec- 
tions on their upper surfaces. One of these is fixed to the 
rod and the other is movable, but is pushed outwards by 
a strong spiral spring. To a terminal wire attached to the 
fixed head-piece is soldered one end of a fine whe of 
platinoid, leostene or any high-resistance wire. This wire 
is generally about ETo. 32 gauge. The movable head-piece 
is pressed in a little way, and the resistance wire is then 
laid backwards and forwards over the pin proj'ections on the 
head -pieces so as to form a zigzag conductor; the end of 
the resistance wire being then, finally connected to another 
terminal wire passing through the fixed head-piece. When 
the cage is so made the movable head-piece is released and 
the spiral spring forces it out, and thus keeps the resistance 

* See The Mectncia>Ps Vol. XXXVI., p, 4-76. 
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wire always tight, evea although it expands on heating. By a 
proper selection of the resistance wire a perfectly ventilated 
and practically non-inductive resistance may he made in this 
manner, having a resistance of 100 ohms or more which, will 
carry safely, without undue heating, a current of one ampere., 
A series of these cages can then be fixed in a wood frame 
placed on castors, with all the several resistances connected 
in parallel between two omnibus wires; each resistance- 
being provided with its own switch. It will then be seen 
that the whole resistance frame can be put across the 100- 
volt terminals, joined in series with a switch and with any 
apparatus to be traversed by the current, and that the current; 



Fig. 25. — Paul’s Carton Plate Eheostat. 


which passes through the circuit can then be regulated by 
the number of cages which are switched on in parallel. 
When currents of less than one ampere are required these 
can he obtained by joining cages in series. In this case., 
each cage can be coupled with a switch in parallel with 
it, so that when the switch is on, the cage resistance is cut 
out of circuit. 

In addition to a set of the above cages it is necessary tq 
possess several carbon rheostats. One of the most convenient 
forms of this regulating resistance consists of i^lates of 
hard battery carbon or graphite roughened on the surface 
and about Sin. square {m Fig. 25). A series of about 30 to 



82 ELECTRICAL LABORATORY EQUIPMENT. 

50 of these plates are placed in an iron frame and prevented 
from touching the guide rods hy porcelain or fibre insulators. 
The carbon plates can be more or less squeezed by a strong 
screw. Metal plates with screw terminals can be slipped in 
between any carbon plates, and, by means of the pressure 
applied, a very gradual variation can be made in the inter- 
posed carbon resistance. It is essential that the carbon 
plates shall be hard but not smooth, and the best plates are 
those cut out of gas-oven graphite. 



Fig. 26. — Kelvin Wire Rheostat. 


The above resistances are a great convenience in. the 
laboratory. They can be used to carry large currents up to 
50 or 100 amperes, but they have not a very great range ot 
resistance variation. 

Tor the graaual variation of resistance Lord Kelvin's form 
of wire rheostat, in which a platinoid wire is wound off a 
metal cylinder on to a marble or porcelain cylinder, will l)e 
found convenient {sm Fig. 26). In this appliance the 
resistance wire is kept tight by means of a clock spring 
in the interior of the metal cylinder, which always acts so 
as to keep a little tension on the resistance wire. 

For many purposes a form of rheostat devised by Mr. 
Shelford Bidwell is useful. This consists of a slate or 
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I oylinder on which a platinoid wire is wound in a 
roove, one end of the resistance wire being insulated 
0 tiler fixed to a metal plate which forms the carrier 
yy Under. The cylinder is centred on a long screwed 
5 screw on which is cut to the same pitch as the 
Toove on the cylinder. This screw rod works in 
3a.niiigs. A fixed spring contact presses against the 
wire, and the other end of the platinoid wire is in 
contact with one screw bearing. As the cylinder is 
crtnd a greater or less length of platinoid wire is 
d Id et ween this spring terminal and the fixed terminal, 
rrnt of rheostat is substantial and works well if the 
contact are kept clean. The contact spring should 
platinoid. It is a good plan to keep these 
in boxes with glass lids, the winch handle alone 
g, 30 that dust does not fall on the resistance wire 
ts. If it does, the resistance is apt to vary in a 
5 manner as the handle is turned, 
le oases incandescent lamps can be used for regu- 
istances. It is useful to have some boards on 
3 mounted half-a-dozen key sockets, wired up in 
Bfi-ween two brass terminal screws. If incandescent 
pla^ced in these sockets the resistance between the 
be decreased by steps by switching on lamps- 
it given out by the lamps is objectionable it can be 
df" Tby dropping over each lamp an asbestos card- 
d or cylinder like a canister, the top of which is 
tin small holes for ventilation. Incandescent lamps 
cos, owing to the light and heat given out by them, 
3 a 3 cly so convenient as the resistance cages above 

x*egulation of currents for dynamos and motors 
n3 of rheostat have been introduced. One con- 
•rrjQ., as designed by the Author for use in the 
aboratory at University College, London, consists in 
I f x'om porcelain insulators placed against the wall 

o2 
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of the dynamo room long wires of nickel steel or eureka. 
These wires are kept tight when expanded by heat by means 
of a spiral bell spring attached to the extremity of the wire. 
The wires are electrically connected in parallel as required by 
means of a parallelising switch {see Kg. 27). The length of 
each wire is adjusted so that the current through it, when the 
difference of potential of its extremities is 100 volts, does not 




Fig. 27.— University College Dynamo Eheostat?. 

exceed that value which will make it too hot to touch witli the 
hand. The total resistance between the terminals is then 
reduced step by step hy adding resistance wires in parallel. 
It is much better thus to reduce resistance hy equal steps by 
adding equal resistances in parallel than to increase it hy 
adding equal resistances in series. In the former case the 
current mcreases hy equal increments per step, and in the 
latter it decreases in harmonic ratio per step of re.si.stance. 
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In cases where large currents have to be regulated or 
varied continuously liquid resistances may be sonaetimes 
advantageously employed. One useful form is Lyon's 
Liquid Eesistance {see Fig. 28). This consists of two zinc 



Fig. 28. — Lyon Liquid Kheostat. 


cones fitting each other, which are immersed in a strong 
solution of zinc sulphate, and by means of a screw or lever 
the distance of these metal cones can be varied from perfect 
metaihc contact to a position in which a considerable length 
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of electrolyte is interposed between tbem. The resistance 
can thus be gradually varied. If continuous currents are 
employed with it, the direction of the current through the 
resistance should be changed every few minutes by a current 
reverser, and the current density or amperes per square foot 
of zinc cone surface should not exceed the limit at which 
zinc begins to be deposited in irregular crystals or trees on 
the cathode cone. 

The subject of power absorbing resistances will be con- 
sidered in the chapters dealing with dynamo and transformer 
testing.* 

§ 8. The Practical Standard of Electromotiye Force. — 

The practical unit of electromotiye force is equal to the 
terminal difference of potential produced when a current of 
one ampere flows through a resistance of one ohm. The 
most satisfactory method of recovering a known difference of 
potential — say, of one volt — ^is to pass a current of one 
ampere, measured by a standard ampere balance, through a 
suitable resistance of one ohm. There are, however, many 
cases in which this is not a convenient method of recovering 
a known difference of potential. Hence attention has been 
directed to the construction of a standard of electromotive 
force which shall produce directly a known difference of 
potential between two terminals. Experience shows that, 
although the ultimate standard of electromotive force must 
be recovered by the passage of a known current through a 

* The following references to papers or information on liquid resistances 
and power absorbing resistances may be found useful : — “ Lyon’s Litiuid 
Resistances,” The Meetrioicm^ Vol. XXVI., p. 759. “ Water Rheostats,” G. T. 
Hancbett, The Electricicm, VoL XXXVII., p. 833. “ Water Rheostats,” The 
Electrician,^ Vol. XL., p. 696, contains useful facts and figures ; see also 
Science Ahstra,ets, Vol. L, p. 356. “ Water Resistance for Alternator Testing,” 

The Electrician, Vol. XLL, p. 279. “ Motor Starting Resistances,” Pocbin, 

The Electrician, Vol. XXXIX., p. 38. “ Commercial Forms of Electriciai 
Resistances,” L. B. Atkinson, The Electrician, Vol. XL., p. 863, “ Current 
Carrying Capacity of Wires of Different Materials,” L. B. Atkinson, The 
Electrician, Vol. XLI,, p. 18. “ Dissipation of Electric Energy in Sheets and 

Wires of Metal,” T’he Electriciom, Vol. XXXVIIL, p. 17. “ Construction of 
Commercial Resistances,” D. K, Morris, The Electrician, Vol. XXXIIL, pp. 
605, 627, 667. 
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known resistance, yet tlie adoption of a- Toltaie or electro- 
chemical standard of electromotive force, by the use of a 
standard voltaic cell, has considerable practical convenience. 

G-reat attention, therefore, has been given of late years to 
the minute details of the construction of certain voltaic cell 
standards of electromotive force. lExperience las shown 
that a very convenient standard of electromotive force is 
obtained by the use of some naodification of the mercury-zinc 
cell, which was first proposed by Mr. Latimer Clark as a 
standard of electromotive torm, and made in 1873.^ The 
elements of this cell are mercury, mercurous siilplate, zinc 
sulphate and zinc. Since the above date other forms of 
voltaic cells have been proposed as standards of electromotive 
force. The various species and naodifications of standard 
mercury cell in use at present are as follows : — 

(L) The ORio-iNAi eorm or Clark Oele. 

(iL) The Muiehe^o foem op Claek Cell. 

(iiL) The Rayleigh H form op Clark Cell. 

( iv ^) The Oaeharteoem of Clare Cell. 

(v.) The Boaed of Trade form op Clark Cell. 

(vi.) The Eeichsanstaxt form of Clark Cell. 

( vii ») The Oallendar poem of Glabk Cell, 

(via.) The Weston Caumium Cell. 

(tar.) The Reichsanstalt H form op Cadmium: Cell. 

(.^^) The Helmholtz Calomel Cell. 

These cells are not employed as current generators, but 
merely as standards of electromotive force by iising them as 
subsequently to be described. A few words of description 
may be given of each of these cells. 

(i,) TM Original Ghrh Odl. — The original form of Clark 
cell, suggested by Mr. Latimer Clark in 1873 as a standard 
of electromotive force, consisted of a glass cup or beaker in 
the bottom of which is placed some pure mercury. Into this 
mercury a platinum wire dips, which is sheathed throughout 
its length with glass or gutta pereha except at the extreme 
* See TeUgra^hic Jourml^ Vol. L, p 9. 
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end where it dips into the mercury. Above the mercury 
rests a paste formed of mercurous sulphate mixed with zinc 
sulphate. Above the paste there is a saturated solution of 
zinc sulphate, and in this latter is dipped a rod of pure zinc. 
The zinc has a platinum wire soldered to it, and the two 
wires connecting the zinc and mercury are brought up to 
insulated terminals (see Fig. 29). 

(ii.) The Muirhead-Glark Oell.—bx the above original 
form the Clark cell is not very portable and cannot be 
turned upside down without producing a change in its 



electromotive force by bringing the mercury in contact 
with the zinc and thus contaminating the mercury. An 
improved form of cell was therefore devised by Dr. Muirhead, 
in which this difficulty is overcome. 

In the Muirhead cell there is no large free mass of 
fluid mercury. The end of the platinum wire is coiled into 
a spiral, and this platinum is well amalgamated, and when 
lipped in mercury it retains a globule of mercury within 
the spiral by capillary attraction, and this is so adherent 
that it is not easily detached. The spiral of amalgamated 
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platimim is buried in blie mercurous paste (sfee Jig. 29)- 
above this is placed tlie saturated solution of zinc snlpliate 
and in this latter a zinc rod. 

jL Muirliead cell, if properly sealed, can be sent hj parcels 
post, or other-wise carried about without injury to its 
■electromotive force. 

(ni.) The ItayleigJi H form of Olar'k. CdL — Lord Itayleio-li 
investigated in 1885 with great care the causes of the 
•differences in electromotive force between Clark cells set up 



by various persons using apparently the same q[uality of 
materials and eq[ual care. 

He came to the conclusion that the greatest source of 
error was due to variations iu the density of tiae zinc 
sulphate solution. The electromotive force of tine cell 
depends upon the concentration of the zinc sulphate solution. 
If the solution is not a saturated solution the electro- 
motive force of the cell is too high. In some cases the 
“zinc sulphate solution may he su'poTsaturcUed, especiah}^ 
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when the cells have been heated during or after charging. 
Lord Eayleigh summarises the sources of variation of 
E.M.F. in Clark cells as follows:— The E.M.F. may be 
too high (1) because the mercurous paste is acid ; (2) because 
the paste is not saturated with zinc sulphate. The first- 
fault tends to cure itself, and is rarely found after cells are a 
month old. The second is the usrual cause of variation. If 
the E.M.r. is too low it may be (1) because the cell has 
become dry, in which case the drop in voltage will be pro- 
gressive; (2) the solution is super-saturated with zinc 
sulphate ; or (3) the mercury is impure. It follows that to 
secure the correct or normal E.M.E. the mercury used should 



Pig. 31 .~Lord Kayleigh’s H form of Clark Cell. 

B Amalgam of ZIdc. C Pure Mercury. D Mercurous Sulphate. E Saturated Soltitlon*. 
ol Zinc Sulphate. P Corks. 

be free from other metals. , It must, therefore, be distilled at 
a low temperature in vacuo. Hext, the zinc sulphate solu- 
tion must be at all temperatures saturated, and hence .solid 
crystals of zinc snlphate must he present in the cell. 
Thirdly, the cell must he hermetically sealed with marine 
glue to prevent evaporation ; and, fourthly, the cell mu.st not 
be heated during manufacture. The zinc sulphate must be 
rendered neutral by adding a little carbonate of zinc. 

Lord Eayleigh devised a convenient form of cell called the 
H form of cell. This cell consists of a pair of test-tube- 
'shaped glass vessels connected by a horizontal tube or channei 
{see Tig. 31). In one side tube is placed some pure mercury. 
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and in tlie other an amalgam of mercury and zinc. Platinum 
wires sealed through the glass make contact with the metals. 
Over the pure mercury is put a paste made of mercurous 
sulphate and zinc sulphate. The cell is filled up to above- 
the level of the horizontal tube with a saturated solution of 
zinc sulphate, and the open ends are closed with corks sealed 
over with marine glue. This H form of cell is very con- 
venient for many experimental purposes. 



Lord Eayleigh found the electromotive force of the H 
form of cell to be 1*4 34 volts at 15°C.* and the temperature 
coefficient to be 0*08 per cent, per degree, or the E.M.F. in 
volts at to be given by the formula — 

E, = 1*434 {1-0*00077 (2^-15)}. 

A more exact expression for the temperature correction 
is obtained if the simple coefficient 0*00077 is replaced by 
the quantity 0*000784-0*000017 (^— 15). If the electro- 
chemical equivalent of silver is taken as 0*001119 instead of 
0*001118, then the E.M.F. of the Clark cell becomes 1*4327 
volts at 15°0. and not 1*4342. 

* The electromotive force of the H form of Clark cell, as determined by 
K. Kahle and W. Wien is 14488 volts at 0°C., or 1*4522 volts at IS'^G. The- 
value now taken is 1*4526 volts at 15°C., see p. 468, 
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{iv) The Garhart-Olarh Cell— In this cell the zinc is 
made in the form of a plunger or piston (see Fig. 32), and 
the shank or piston rod is covered with glass. In between 
the bottom of the zinc and the mercurous paste is interposed 
i wad of asbestos and the cell is sealed. 

(^.) The Board, of Trade form of Clark Cell. — The British 
Board of Trade Electrical Department have issued a specifi- 
cation for the prej)aration of standard Clark cells, which is a 
little elaborate and enters into great detail as to their mode 
of manufacture. The following is the Board of Trade specifi- 
cation for the preparation of a Clark cell : — 

ON THE PREPARATION OF THE CLABK CEIX. 

Definition of tTie GeU. 

The cell consists of zinc or an amalgam of zinc with mercury and of 
i ercury in a neutral saturated solution of zinc sulphate and mercurous 
sulphate in V7ater, prepared with mercurous sulphate in excess. 

Preparation of the Materials. 

1. The Mercury. — To secure purity it should be first treated with acid in 
the usual manner, and subsequently distilled in vacuo. 

2. The Zinc. — Take a portion of a rod of pure redistilled zinc, solder to one 
end a piece of copper wire, clean the whole with glass paper or a steel 
burnisher, carefully removing any loose pieces of the zinc. Just before 
making up the cell dip the zinc into dilute sulphuric acid, wash with distilled 
water, and dry with a clean cloth or filter paper. 

3. The Mercurous Sulphate. — Take mercurous sulphate, purchased as pure, 
mix with it a small quantity of pure mercury, and wash the whole thoroughly 
with cold distilled water by agitation in a bottle ; drain off the water, and 
repeat the process at least twice. After the last washing drain off as much of 
the water as possible. 

4. The Zinc Sulphate Solution. — Prepare a neutral saturated solution of 
pure (“ pure re- crystallised ”) zinc sulphate by mixing in a flask distilled water 
with nearly twice its weight of crystals of pure zinc sulphate, and adding 
zinc oxide in the proportion of about 2 per cent, by weight of the zinc 
sulphate crystals to neutralise any free acid. The crystals should be dissolved 
with the aid of gentle heat, hut the temperature to which the solution is 
raised should not exceed 30®C. Mercurous sulphate treated as described in 3 
should be added in the proportion of about 12 per cent, by weight of the zinc 
sulphate crystals to neutralise any free zinc oxide remaining, and the solution 
filtered, while still warm, into a stock bottle. Crystals should form a.s it 
cools. 

5. The Mercurous Sulphate and Zinc Sulphate Paste. — Mix the washed 
mercurous sulphate with the zinc sulphate solution, adding sufficient crystals 


93 


ELECTRICAL LAEORATOEY EQUIPMEN^. 

of zinc sulphate from the stock bottle to insare saturation, and a small 
quantity of pure mercury. Shake these up well together to form a paste of 
the consistence of cream. Heat the paste, hut not above a temperature of 
30°C. Keep the paste for an hour at this temperature, agitating it from time 
to time, then allow it to cool ; continue to shake it occasionally while it is 
cooling. Crystals of zinc sulphate should then be distinctly visible, and 
should be distributed throughout the mass ; if this is not the case add more 
crystals from the stock bottle, and repeat the whole process. 

This method insures the formation of a saturated solution of zinc and 
mercurous sulphates in water. 

To set up the Cell. 

The cell may conveniently be set up in a small test-tube of about 2cm 
diameter and 4cm. or 5cm. deep {see Fig. 33). Place the mercury in the bottom 



Fig. 53. — Foard of Trade form of Clarh Cell. 

of this tube, filling it to a depth of, say, 0'5cm. Cut a cork about 0‘5cm. thick 
to fit the tube ; at one side of the cork bore a hole through which the zinc rod 
can pass tightly ; at the other side bore another hole for the glass tube which 
covers the platinum wire ; at the edge of the cork cut a nick through which 
the air can pass when the cork is pushed into the tube. "Wash the cork 
thoroughly with warm water, and leave it to soak in water for some hours 
before use. Pass the zinc rod about Icm. through the cork. 

Contact is made with the mercury by means of a platinum wire about 
Ko. 22 gauge. This is protected from contact with, the other materials of the 
cell by being sealed into a glass tube. The ends of the wire project from the 
ends of the tube ; one end forms the terminal, the other end and a portion of 
the glass tube dip into the mercury, 
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Clean the glass tube and platinum wire carefully, then heat the exposed end 
of the platinum red hot and insert it in the mercury in the test-tube, taking 
care that the whole of the exposed platinum is covered. 

Shake up the paste and introduce it without contact with the upper part 
of the walls of the test-tube, fiUing the tube above the mercury to a depth of 
rather more than 1cm. 

Then insert the cork and zinc rod, passing the glass tube through the hole 
prepared for it. Push the cork gently down until its lower surface is nearly 
in contact with the liquid. The air will thus be nearly all expelled, and the 
cell should be left in this condition for at least 24 hours before sealing, which 
should be done as follows : — 

Melt some marine glue until it is fluid enough to pour by its o-wn weight, 
and pour it into the test-tube above the cork, using sufflcient to cover com- 
pletely the zinc and soldering. The glass tube containing the platinum wire 
should project some way above the top of the marine glue. 

The cell may be sealed in a more permanent manner by coating the marine 
glue, when it is set, with a solution of sodium silicate, and leaving it to 
harden. 

The cell thus set up may be mounted in any desirable manner. It is con- 
venient to arrange the mounting so that the cell may be immersed in a water 
bath up to the level of, say, the upper surface of the cork. Its temperature 
can then be determined more accurately than is possible when the cell is 
in air. 

In using the cell sudden variations of temperature should as far as possible 
he avoided. 

The form of the vessel containing the cell may be varied. In the H form 
the zinc is replaced by an amalgam of 10 parts by weight of zinc to 90 of 
mercury. The other materials should be prepared as already described. 
Contact is made with the amalgam in one leg of the cell, and with the 
mercury in the other, by means of platinum wires sealed through the glass. 

The cell resulting from operations carried out in accord- 
ance with the above specification has been criticised 
considerably, and it has been stated that in consequence of 
diffusion-lag there is always some delay in the change of 
saturation of the zinc sulphate solution when the temperature 
changes. Hence it is said that it is not possible to obtain 
the true electromotive force of the cell to a greater accuracy 
than 0*1 per cent, by applying the ordinary temperature 
correction.* 

{vi) The Reichsamtalt form of Clark Cell . — A specification 

for the preparation of a modification of the H form of Clark 

* See Prof. Ayrton and Mr. Cooper, Proc. Eoy. Soc., Lond., Dec., 1896. 
Also Mr. Cooper “ On the Permanency of the Board of Trade Clark Cell,*' 
The Electrician, Vol. XL., p. 748. 
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cell has been issued in Germany on the basis of the experience 
gained at the Physikalisch-Technische Reichsanstalt in Berlin. 
The following are the details of these instructions as given by 
Dr. E. Kahle* 

Definition and Properties of the Cell. 

The cell contains mercury as the positive electrode, amalgamated zinc as the 
negative electrode, and as electrolyte a concentrated solution o zinc sulphate 
and mercurous sulphate. Its E.M.F. is 1*4328 Internationa’ volts at 15°C. 
and between 10°C. and 25°C. decreases by O'OOllS volt with sn increase of 
temperature of Ideg. 

Constriction of the Cell. 

The vessel used for the cell consists, as shown in Fig. 34, of two vertical 
branches closed at the bottom, and joined at the top into a neck closed by a 



Fig. 34. — Reichsanstalt form of Clark Cell. 

ground-glass stopper. The diameter of the branches should be at least 2cm. 
and their length 3cm. The neck of the vessel should be l*5cm. wide, and at 
least 2cm. long. Platinum wires about 0*4mm. thick are fused into the 
bottom of both branches. 

The vessel is filled in a manner depending upon whether the cell is to be 
used at the place of construction or is to be transported. 

* See The Electrician, Vol. XXXI., p. 265-6. 
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In the former case pure mercury is poured into one branch, and into the other 
amalgam of about 90 parts mercury and 10 parts zinc, which is fluid when 
hot and solidifies on cooling. The platinum wires must be completely covered 
by the mercury and the amalgam respectively. Upon the mercury is poured 
a layer of paste 1cm. deep, made by rubbing together mercurous sulphate 
mercury, zinc sulphate crystals, and concentrated solution of zinc sulphate 
This paste and the amalgam are then both covered with a layer 1cm. deep ol 
zinc sulphate crystals, and finally the whole vessel is filled with concentrated 
zinc sulphate solution until the stopper on being introduced just touches the 
surface. Care should, however, be taken that the vessel contains a small air- 
bubble, since that prevents it bursting in the case of a great rise of tempera- 
ture. At the final closing of the vessel the glass stopper is brushed over at its 
upper edge with shellac dissolved in alcohol and then firmly inserted. 

If the cell is to be portable, a circular electrolytically-amalgamated piece 
of platinum foil, about lem. long and O'lmm. thick, takes the place of the 
mercury, and is firmly attached to the platinum wire introduced through the 
bottom. Zinc amalgam forms, as before, the negative electrode, and is 
covered with a layer of zinc sulphate crystals 1cm. deep. The rest of the 
vessel is filled up to the stopper with mercurous sulphate paste. The final 
closing is affected as already described. 

Preparation of the Materials to he Used in the Cell. 

Mercury . — ^All mercury to be used in the cell should be x^urifled by the 
ordinary processes, and distilled in vacuo. 

Zinc . — The commercial pure zinc may be employed. To prepare te 
amalgam, add one part zinc to nine parts mercury, and keep both in a 
porcelain dish at lOOdeg., stirring gently until the zinc is completely dissolved 
in the mercury. 

Sulphate . — Before use, test the commercial zinc sulphate for acid with litmus 
and for iron with potassium sulpho-cyanicle. If it is sufiSciently pure it may 
be at once re- crystallised in the way detailed below. If it contains appreciable 
traces of free acid, equal parts of the zinc sulphate and distilled water are 
boiled with zinc filings in a suitably formed porcelain dish until no further gas 
is given off at the zinc, and the solution shows after cooling a white, or, in the 
presence of ferric hydrate, a brownish precipitate of zinc hydrate. If the 
solution is free from iron it may be filtered off after standing for two dayn, 
Otherwise it is again heated to 60“C. or 80^0., and electrolysed for six hours by $ 
current not exceeding 0*2 amperes introduced by two pieces of plat inurn foil 
of about 50 sq. cm. surface suspended in the liquid. The liquid having cooler 
over night, litmus is again employed to test whether any acid has been formec 
during electrolysis. In that case the boiling with zinc filings must be repeated 
and the solution again electrolysed by weak currents. During this whole 
treatment care has to he taken that the concentration of the solution remains 
approximately constant. It is, therefore, well to cover the vessel containing 
the solution with a glass plate, so that but little water vapour can escape. As 
scon as the solution is sufficiently free from acid and iron it is filtered off. To 
each litre of the filtrate about 50gr. of mercurous sulphate, free from acid, are 
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added and well stirred. The mercury salt will in general assume a yellow 
colour after long standing. If the solution has stood for a day, and a portion 
of it, on being shaken up with more mercurous sulphate, does not turn per- 
ceptibly yellow, the solution may be filtered ofiP and concentrated in a flat 
porcelain dish over a water bath. Here we must take care that the crystals 
do not form at too high a temperature, as otherwise they easily lose a portion 
of their water of crystallisation. To secure this the flame under the water- 
bath is extinguished, and the dish left in position covered with a glass plate. 
If after further cooling no crystals are separated, further concentration is 
necessary. If the heating was too protracted, and the crystals were formed 
under unfavourable conditions, a little water must be added and the whole 
warmed until everything i# redissolved. The concentrated solution is 
poured off, and either further evaporated or kept for future use. The lasD 
traces of the solution are removed from the crystals by letting the dish stand 
for some time in a slanting position. It is nob advisable to sharpdy dry the 
crystals, as they thereby lose water of crystallisation. For the same reason 
they must be kept in a closed vessel. 

Stlphate of Mercury . — The mercurous sulphate used must not be coloured 
yellow by a basic salt. If that should be the case, stir up one part of the salt 
with two parts distilled water, and add, constantly stirring, so much of a 
solution of one part mercuric sulphate to 1,000 parts of water as is necessary 
to make the colour disappear. Then pour off the liquid and wash the pa^te 
several times with distilled w'ater, but without thereby causing another yellow 
colouration. If the sulphate k white to begin with, and only i^hows a faint 
yellow colouration after considerable time on shaking up with distilled water^ 
it may be used at once. If this- colouration is not shown on shaking up w’ith 
water, the salt must be washed out several times with distilled water until the 
first traces of yellow colouration appear. If the salt had to be wetted for 
cleaning, the water should be driven off as much as possible by mechanical 
means. If dried by heat the yellow colouration will reappear. In order not 
to have to keep the web salt only so much salt should be treated by the above 
process as is necessary for the purpose in hand. 

To prepare the paste, two parts of the sulphate should be added to one part 
of mercury. If the sulphate was dry, it should be stirred up with a paste 
made of zinc sulphate crystals and concentrated zinc sulphate solution until 
the whole forms a stiff mass everywhere permeated by zinc sulphate crystals 
and small globules of mercury. But if the sulphate was wet, only zinc 
sulphate crystals should be added, taking care, however, that they are in 
excess, and are not dissolved even after prolonged standing. Here, also, the 
mercury must permeate the paste in small globules. It is well to crush the 
zinc sulphate crystals a little before using, so that the paste may be more 
easily manipulated later on. 

Details of Constructioru 

For the preparation of cells containing mercury as the positive electrode 
the following details should be attended to : — Before introducing the hot zinc 
amalgam place the glass vessel, well cleaned and carefully dried, in a hot 
water bath. Then pass a suitable tbin-w ailed glass tube throuxrb the neck 
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of the vessel on to the bottom of the branch which is to contain the amalgam. 
The tube ought to be as wide as is consistent with the dimensions of the 
vessel. It is intended to protect the rest of the vessel from contamination. 
The amalgam is introduced by means of a glass tube about 10cm. long drawn 
out into a point, the other end being provided with an indiarubl^er tube about 
3cm. long closed by a short glass rod. The point of the tube is inserted below 
the surface of the liquid amalgam heated in a dish, and a x^ortion of the 
amalgam is sucked into the tube by compressing and releasing the india- 
rubber. The point is then quickly freed from external imx^urities derived from 
the surface of the amalgam, introduced into the cell through the wide tube, 
and emptied by pressure on the indiarubber. The point ought to be so fine 
that the amalgam does notissue except on pressing the rubber. The process 
is continued until the branch contains the required quantity of amalgam. 
The vessel is then taken out of the water-bath. After cooling the amalgam 
should adhere firmly to the bottom of the vessel and exhiljit a bright metallic 
surface. 

To introduce the mercury and the paste a suitable funnel with a long tube 
is used. The paste should not touch the upper walls of the vessel, but may 
be pushed in with a glass rod if too stiff to flow. 

Before pouring in the zinc sulphate solution the paste and the zinc amalgam 
should he covered with zinc sulphate crystals, as tliese pr event a creeping up 
of the paste after wetting with the solution. In the zinc sulphate 

crystals and the paste should not contain large air-bubbles. These may be 
removed by knocking. 

If the cell is to contain amalgamated platinum foil as the xjositivc electrode, 
the amalgamation may he performed as follows : — The cell vessel is first filled 
with aqua regia and heated in a sand-bath until a rax)id development of gas 
takes place at the platinum. Then rinse with water, pour mercury into the 
branch intended to contain the zinc amalgam, and fill the entire vessel with a 
concentrated solution of mercurous nitrate containing a little nitric acid. 
Then connect the mercury with the positive and the platinum foil with the 
negative pole of a battery, and send a current of about 0*5 ampere through 
the solution until the platinum foil is covered over with firmly-attached 
mercury globules. The whole process lasts about five minutes. Binally the 
vessel is thoroughly rinsed with distilled w’ater until not a trace of the 
nitrate remains. 

The zinc amalgam is introduced with the precautions nnentioned. After 
cooling, it is covered with zinc sulphate crystals, to which concentrated zinc 
sulphate is added after filling until the whole forms a paste. The ve^isel should 
stand for two days, so that the crystals are closed up and form a layer 
impervious to the paste. Then the whole vessel is filled up with the latter. 

The followingpoints should be specially borne in mind in the construction - 

1. The mercury intended to serve as positive electrode must be kept rigidly 
free from contamination by more positive metals. Special care should be 
taken that no portion of the zinc amalgam comes into contact with the 
mercury. 

2. The cell should always be so arranged that at all temperatures the whole 
electrically active surface of the electrodes is in contact with zinc sulphate 
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•solution concentrated for the temperature in question. Hence during the 
process of filling, crystals should be added in such quantity as to ensure their 
presence in excess even at the highest tempei’atures "which the cell may attain. 

3. The zinc sulphate used must not contain free acid. For oue thing, the 
E.M.F. of the cell is affected by it, and, on the other hand, the circuit of the 
cell may be broken by hydrogen developed at the zinc. For the gas produced 
cannot escape through the zinc sulphate crystals, but collects underneath 
them, and finally pushes them up, thereby interrupting the connection 
between the zinc and the zinc sulphate. 

For easy and safe handling the cell is included in a metal case, which may 
be closed and placed in a petroleum bath. Its lid is provided with two bind- 
ing screws, each of which is joined to one of the electrodes ; the bottom is 
perforated, so that the cell is surrounded by the petroleum. To determine 
the temperature of the cell, a thermometer must be enclosed in the case whose 
scale can be read from outside. The best plan is to fuse a thermometer into 
the glass stopper, as shown in the figure, so that the bulb penetrates as far as 
possible into the cell and the scale projects through the lid. 

Tlie gr®at objection 'wliicli has been luised to the form of 
Clark cell constructed in accordance witli the Board of Trade 
specification, in 'vvbicli the ^inc rod is surrounded throughout 
tlie whole or part of its length hj clear solution of zinc 
sulphate, is that there is a source of possible error or 
uncertainty in its use due to the fact that changes of tem- 
perature and consequent changes in the state of saturation of 
the zinc sulphate are not propagated immediately through 
the cell. If the temperature of the cell is raised, more zinc 
■sulphate must be dissolved to keep the solution saturated at 
that temperature, and this saturated solution is not diffused 
iinmediately to all parts of the tiihe. The existence of this 
■diffusion -lag has been proved, bj the experiments of Lord 
Eayleigh, Prof. Carhart, Prof. Ayrton, Mr. Cooper and others, 
undoubtedly to be a source of error. 

The reirredj proposed hy Lord Layleigh for this diffusion 
lag \vas the H form of cell. 

The remedy suggested by Prof. Carhart was to use a cell 
■containing a solution saturated at O'^G. 

Tho CalhndctT-Clark Cell. — Prof. Callendax and Mr- 
Barnes have poroposed a remedy for diffusion lag as follows* 
'The cell is made up in a rather thin and long test-tube, and 
"has two glass-covered platinum wires or electrodes ; the ends 


100 


ELECTRICAL LAEORATORT EQUll'MENT. 


of the platinum wires protruding from the st^alod onds of tlio 
glass tubes {see Fig. 35). In the bottom of the tul.e is i.lac(3d 
Lmall button of a 10 per cent, amalgam of zinc and mercury, 
and in this is immersed one electrode. Over this a layer of 
moist crystals of zinc sulphate ; on the top of the zinc sulpliato 
a layer of mercurous sulphate paste, in whii.'h tluj end of tlui 
second amalgamated platinum wire is luiricMl. Tin; (■ell is 
sealed with marine glue in the usual manner. I'lni coll is 
thus an inverted narrow pattern of the lioard (jf Trade cell. 



The inventors state that difrusion is nh.itnit, and that 
changes of E.M.F. follow iiiinuHliaUdy all ehangp.s cf 
temperature between ()°C. and 4()'^<J. 

The large temperature variahion of tdit‘ (Hark C(‘ll lotl 
inventors to search fora modihoatioji with a loss toniptn'aiure 
coefficient. This was found, in 1891, by Mr. Weston in the, 
arrangement known as the cadiniuni In tliis ecll ilio 

elements are mercury, meriuirons Bnl]>ha,to, cadiniuni sulidiab^ 
and cadmium. The combination has a Uunpru’aturc variation 
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very much less thaa that of the coriespo Tiding zinc eombina- 
tioii. The cadmium sulphate being much more equally 
soluble at all ordinary temperatures than the zinc sulphate, 
diffusion-lag does not oecur. The only difficulty is that the 
E.M.r. varies with the proportions of the metals in the 
cadmium-mercury amalgam used. Hence it is best to 
employ the H form of cell, in which the cadmium is kept 
out of contact with the mercurous sulphate. Mr. Weston 
makes the cell as follows : — 

[mil.) Tlu Wedon CculTnium Cell . — ^The considerable varia- 
tion in the solubility of zinc sulphate in water at different 



Fig. 36.— Weston Caclmi’im Standard Cell 


tempevatiires led IVEr. E. Weston, in 1891, to suggest tlie use 
of cadmium sulphate instead of zinc sulphate (IJ.S. Patent 
No. 22,482 of 1891). The eadmiain salt has neaidv the same 
soluhilit^ at all temperatares. The eadmium cedi is made up 
in the llayleigh H-form, as shown in Eig. 36. In one side- 
vessel is pdacecl a little pure mercary, entirely covered wi th 
a layer of mercurons sulphate. In the hottona of the other 
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limb is placed an amalgam of cadmium, and the tube is filled 
up with a saturated solution of cadmium sulphate. The cell 
is then sealed. Platinum wires sealed through, the glass at 
the bottom of the side tubes enable connection to lie made 
between the mercury and the cadmium amalgam and the cell 
terminals. 

Mr. Weston states in his patent specification that the 
electromotive force of this cell is I'OIO volts, and it.« tem- 
perature coefficient is 0-01 per cent, per degree cenligrado. 



Fig. 37. — Eeiehsanstalt form of Ciuliniuin Standanl Cell. 

A valuable feature, therefore, of the cadniiiim cell h 
small temperature coefficient; this luay Im made by using 
proper proportions of cadniiinn and laenuiry to be as low as 
0-004 per cent, per degree centigrade insUiad of 0 08 as in 
the case of the Clark cell. 

Special attention has been paid to th(^ <letailH of the 
construction of this cell at th(i Idiysikalisfdi-Teehirische 
Eeichsanstalt in Berlin, and the following are the instrac- 
tions for its manufacture as laid down hy Prof. W. Jaeger:— 
(ix.) The Eeichsanstalt Cadmium CelL~T]m cell is 'made 
up in the .Rayleigh H-form {see Fig. 37). The two legs of 
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tlie side vessels are provided with platinum wires sealed 
through the glass at the lower ends. The negative element 
consists of a cadmium amalgam — one part of cadmium to six 
parts of mercury. Over this is placed a layer of pulverised 
crystals of cadmium sulphate to ensure saturation. The 
positive element is formed of pure mercury, over which is 
placed a paste formed by the trituration of mercurous 
sulphate with metallic mercury and a concentrated solution 
of cadmium sulphate in which are crystals of the salt. This 
paste must not be too thin, but must form a stiff pulp. The 
remainder of the cell is filled up with a saturated solution of 
cadmium sulphate. The tubes are then closed by a layer of 
melted paralfm poured on, then a thin washer of cork, and, 
lastly, the cell is closed with melted sealing \vax. 

A more portable cell may be made like the Muirhead- 
Clark cell with an amalgamated platinum spiral instead of 
liquid mercury. The electromotive force of the cadmiuni 
cell in the H-form at fG, is given by the formula, 

Ee=E2o-0-0()0038(^-20)~-0-00000065(2J— 20)2 

where E^o = the electromotive force at 20'^C. in volts and is 
1-0185 volts. The above applies to cells in -which the 
amalgam contains fioin 7 to 14 per cent, of cadmium. 

In making the cell the following precautions must be 
employed : — 

Amalgamation of the Platinum TfzVe.— After the platinum \vii e.s are sealed 
through the gla^s place a little aqua regia in the cell legs until bubbles of gas 
arise from the platinum. Then throw this out and replace it by a solution of 
mercurous nitrate, and, using another piece of platinum as an anode, deposit 
mercury upon the platinum electrolytically. The platinum may also be 
amalgamated by making it white hot in a Bunsen dame, and plunging it 
whilst hot in the mercury. 

Preparation of the Cadmium Amalgam. — Dissolve one part of loure cadmium 
in six parts of pure mercury, and whilst warm and fluid place it in one limb 
of the H cell and warm it to ensure perfect contact with the platinum. 

Cadmium Sulphate Solution.— a saturated solution of cadmium 
sulphate with cadmium hydroxide to remove free acid, but be careful not to 
raise the temperature above 70°C. Then digest it still further with mercurous 
sulphate until no more precipitation occurs. The cadmium sulphate solution 
muct be saturated and have free crystals of the salt in it. 
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Mercurous Sulphate . — This must be free from acid, and made neutral by 
triturating with finely divided mercury. In making the paste so much cadmium 
sulphate must be added that a saturated solution of that salt is formed and is 
present in the cell. 

The cell has the electromotive force above stated if the amalgam of cadmium 
has from 6 to 13 parts of mercury to 1 of cadmium. 

The German investigators seem to have a great preference for the H form 
of cell, but it is clear that a narrow tubular cell of the Board of Trade form 
not only more quickly comes to the temperature of the water bath in which 
it is placed, but is more certain to be wholly at one temperature. 

(x.) The, Helmholtz Ccdomel Cell . — It was proposed l)y 
Von Helmholtz to employ a cell, the elements of which are 
mercury, mercurous chloride or calomel, zinc chloride and 
zinc, as a standard of electromotive force {see “ Sitzljer. der 
Akad. der Wiss," Berlin, 1882, p.26). 

This cell can he adjusted to have an electromotive force of 
exactly one volt by the use of a solution of zinc chloride 
of a certain density, viz., 1*380 at 15°C. Its temperature 
coefficient of electromotive force is small, being only 1 i)art 
in 10,000 per degree centigrade, whereas that of tlie Clark 
sulphate cell is 8 parts in 10,000 per degree centigrade. Its 
electromotive force varies, however, with the state of satura- 
tion of the solution of zinc chloride, and as evaporation 
from the cell tends to inci'ease the density of the zinc chloride 
solution it is not so definite and permanent as a standard as 
the zinc sulphate or cadmiiim sulphate form of cell, unless 
hermetically and permanently sealed. According to Mr. W. 
Hibbert {The Electrician, VoL XXXVII., p. 320), the cell 
rapidly recovers its normal electromotive force if short- 
circuited. 

The Standard Daniell Cell . — In addition to the aljove- 
described mercury-zinc or mercury-cadmiiim standard cells, 
the Daniell cell or copper, copper-sulphate, zinc sulpliate, 
zinc cell has been used as a standard of electromotive force. 
Although not a rival in uniformity of electo) motive force to 
the Clark or cadmium cell, it has the advantage that its 
temperature coefficient within the range of ordinary labora- 
tory temperatures is practically zero. Its electromotive 
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force iS; however, a function of the density of the solutions 
used. 

The Author descril)ed, in 1885,'^ a convenient forni of stan- 
pard Daniell cell as follows : — A glass U-tube is prepared 



having side bulb reservoirs and taps as shown in Fig. 38. 
The whole apparatus can be made out of glass 1)y a skilful 

* See Phil. Mag., August, 1885 
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glass'blower. It is then fixed up against a hoard. In 
U-tube a Daniell cell is formed by inserting rods of amalga- 
mated zinc and of freshly electrotypcd co])])(‘r in tlio two 
limbs, wliich are respectively filled up with solutions of zinc 
sulphate and copper sulphate. 

The solutions required are made by dissolving the purest re-cT’3'.stalli,Heil 
sulphate of copper and sulphate of zinc in distilled water. 

For the zinc solution, take 65*5 parts by weight of crystals of zinc .sulphate 
(ZnSO^, 7 OHo), and dissolve in 44*5 parts ))y we-ghfc of distilled water ; and 
the resulting solution should have a specific gravity of 1*2C0 at about 20 C 
For the sulphate of copper solution, take 16*5 parts by weight of pure erystalH 
of copper sulphate (CuSOj, 6 OHjj), and dissolve in 85'5 parts by weight of 
water j and the resulting solution should have a specific gravity r»f 1*100 at 
20°O. If not exact, adjust to these densities jjrecisel^t 
These solutions should be kept iu stock bottles and the reservoirs of the cell 
filled up when required. 

The operation of filling is as follows : — Open tlio tap A 
and fill the whole u-twbo with the denser zinc, sitlpliate 
solution; then insert the zinc rod, and fit it tiglitlj by the 
rubber cork P, On opening the tap 0 tlio level of the liiini«l 
will begin to fall in tlie right liand limli, imt be retained in 
the closed one. As the level coinmences to .sink iu tli« 
right hand limb, by opening the tap P copper .siilpliali; 
solution can he allowed to How in gently to re] dace it ; ami 
this operation can be so conducted that tlie level of demar- 
cation of the two liquids remains quite sliai-]), and gradually 
sinks to the level of the tap C. Wlien tliis is tlie ease, ail 
taps are closed and the copper rod inserted in the right Iiand 
limb. 

It is impossible to stop diffusion fi-om gradually mi.'dng 
the liquids at the surface of contact; but whenever the 
surface of contact ceases to be sharply deliiied, tlio mixed 
liquid at the level of the tap C can be drawn off, and fresh 
solutions supplied from the reservoirs above. 

A freslily electrotypcd copper rod is .always to be useil. 
The copper surface must have a clean salmon colour free 
from brown spots of oxide. 


See Phil, Mag,, August, 1886. 
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The cell freshly prepared has then an electromotive force 
on open circuit of 1 *07 2 volts. 

The use of this Daniell cell enables an approximate 
recovery to be made of the unit of electromotive force, but it 
is neither so convenient nor permanent as the improved forms 
of Clark or cadmium cell. 

Every electrical laboratory or testing room should be 
provided with a number of specimens of the above-described 
standard cells, either Mu irhead- Clark cells, Weston cadmium 
cells, or the Eeichsanstalt pattern of cadmium cells will be 
found to be most trustworthy. These should be numbered 
or lettered and careful comparison made at observed tem- 
peratures of their relative electromotive forces from time to 
time, and the values entered under date in the laboratory 
book. Occasionally comparisons of those with the other volt 
standards should be made by methods to be described, and 
with the results of electromotive force determinations by the 
ampere balance as presently to be discussed. With care and 
vigilance the laboratory need never be uncertain in its 
recovery of the standard of electromotive force by more than 
one part, or at mo&t five parts, in 10,000. 

The standard cells should have thermometers placed in 
the brass cases containing them or, better still, be immersed 
in water when using them, and in taking careful observa- 
tions sufficient time should always be allowed to elapse 
before taking the voltage readings to enable the cell to take 
the same temperature as that indicated by the thermometer, 
assuming them to be under circumstances in which the final 
temperature of both cell and thermometer will ultimately be 
the same. 

§ 9. The Literature of the Mercury Standard Cell. — 

As it is impossible to transcribe in these pages the detailed 
results of all the very numerous researches which have been 
made during the last fifteen years on the standard Clark, 
Weston and Helmholtz mercury cells, we shall give here 
references to some of the principal investigations, and leave 


108 


ELECTRICAL LABORATORY EQUIPMENT. 


the reader desirous of more information to consult the 
original papers : — 

(a) Investigations on the Absolute Electromotive Force of 
Standard Cells. 

Latimer Clark. On a Voltaic Standa.rd of Electromotive 
Force.’’ Telegraphic Journal, Vol. I., p. 9 ; or Proc. Boy. 
Soc., Lond., 1872. 

Lord Rayleigh and Mrs. Sidgwick. ‘‘ On the Absolute Electro- 
motive Force of Clark Cells.” Phil, Trans. Roy. Soc., 
Lond., 1884, Part II., p. 411. 

Lord Rayleigh. “On the Clark Cell as a Standard of Electro- 
motive Force.” ILiiL Trans. Roy. Soc., Lond., 1885, Part 
IL, p. 781. 

R. T. Glazebrook and S. Skinner. “On the Clark Cell as a 
Standard of Electromotive Force.” Phil. Trans, Roy. Soc., 
Lond., 1892, Vol. CLXXXIIL,pp. 567-628. 

The authors conclude that the E.M.F. is 1*434 volts at 15'^C., confirming the 
value given by Lord Rayleigh. 

C. Limb. “ On the Determination of the Electromotive Force of 
the Clark Cell in Absolute Measure.” Journal de Physique, 
1896; also The PUectr id an, Vol. XXXVII. , p. 138. 

The E.M.F. of the cell was balaTiced against an E.M.F. produced by the 
rotation of a magnet inside a coil of wire. The value obtained for the E.M.F. 
of the cell is 1*4535 volts at O^'C. 

H. S. Cariiart and K. E. Guthe. Physical Review, Xov,, 1899, 
p. 288 ; also Science Abstracts, March, 1900, No. 646. 

The E.M.F. of the Kalile form of H-cell was determined by balancing it 
against a fall of potential down a resistance due to known current. Result 
found was 1*4363 volts at 16°C. 

(b) Modifications of the Clark Cell. 

I!. S. Carhart. “ An Improved Standard Clark Cell with Low 
Temperature Coefficient.” Phil. Mag., 1890 ; The Pilectri- 
dan, Vol. XXIV., p. 271. 

The author constructed a cell with low temperature coefficient 
E^ - E,5 [1 - 0 000587(« - 15) + 0*0000005(^ ~ 15)-], 
where E^” electromotive force in volts at fC. The above paper was criticised 
by Lord Rayleigh {The Eleeirician, 1890, Vol. XXIV., p. 285) who, suggests 
that the low coefficient found by Carhart was due to the zinc sulj)hate not 
being saturated. He gives a diagram of his H form of cell. 
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II. S. Cakhakt. “ A Portable Clark Cell.” Electrical World, 
1895 ; or The Electrician, VoL XXXV., p, 844. 

He describes the cell shown in Fig. 32. He uses a solution of sulphate of 
zinc saturated at 0°C. 

E. Weston, “The Cadmium Standard Cell.^’ Electrical 
Engineer (New York), 1893 ; also The Electrician, Vol. XXX., 
p. 741. 

He describes fully his mercury-cadmium sulphate cell. 

H. L. Callendar and H. T. Barnes. “ On a Simple Modifica- 
tion of the Board of Trade Standard Clark Cell.” Proc. 
British Assoc., 1897, Toronto; also 21ie Electrician, 
Vol. XXXIX., p. 638 ; also Vol. XL., p. 165. 

In this X)attern of cell, called the “inverted” cell, the zinc amalgam lies at 
the bottom of the test-tube, and ati amalgamated platinum -wire forms tlie 
other element. 

For correspondence on this form of cell see The Electrician, 
Vol. XXXIX. (K. Kahle), p. 869 (H. L. Callendar), p. 869. 

W. Jaeger. “ The Eeichsanstalt Type of Cadmium Standard 
Cell.” EJlectroteaJinuche ZeiUchrift, October 21, 1897 ; also 
The Electrician, Vol. XL., p. 9. 

This is an important paper, and describes in great detail the construction 
of a standard H form of cadmium cell. 

W. Hibbert. “ On the Helmholtz or Calomel Cell.” The Elec- 
trician, Vol. XXXVII., p. 320; also ibid., Vol. XXXVIIL, 
p. 177 ; also ibid , Vol. XLL, p. 317. 

In this coll zinc chloride and mercurous chloride replace the sulphate salts 
of the Clark cell. It can be made to have an E.M.F. of exactly one volt, and 
a negligible temperature coefficient. 

(c) Specifications for preparing Clark and Weston Cells. 

“ The British Board of Trade Specification for Clark Cells.” 
'The Electrician, Vol. XXVLI., p. 99 ; also ibid., Vol. 
XXXIII., p. 518. 

K. Kahle. “ Instructions for Preparing Clark Standard Cells : 
the Eeichsanstalt Specification.” Zcitschrift fur Instru- 
inentenkiindCjlSdd ; also The Electrician, Vol. XXXI., p. 265. 

W. Jaeger. “ The Eeichsanstalt Specification for Preparing 
Cadmium Cells.” Electrotech nine he Zeitschrift, October 21, 
1897 ; also The Electriciaa, Vol. XL., p. 9. 
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(d) On Temperature Variations of Standard Cells. 

W. E. Ayrton and W. E. Cooper. The Variation of E.M.F. 
of Clark Cells with Temperature.’' Vroc. Eoy. Hoc., LoncL, 
1897, Vol. LIX. ; also The Electrician, Vol. XXXVIII., 
p. 303. 

An exhaustive examination of the effect of temperature on the Hoard of 
Trade Clark cell. The authors give numerous curves. 

W. Hibbekt. ''The Temperature Coefficient of the Calomel 
Cell.” The Electricia7i, Vol. XXXVIIL, p. 177. 

E. S. Spiers, F. Twoian and W. L. Waters. " Variations in 
the Electromotive Force of the H form of Clark Cedis with 
Temperature.” Proc. Phys. Soc. Lond., Vol. XVI., p. 38; 
also Phil. Maf/.j 1898, VoL XLV., p. 285. 

A. Dearlove. " Note on the Temperature Coefficient of the 
Cadmium Standard Cell.” The Elect rirum, Vol. XXXI., 
p. 645. 

A very full and detailed account of experiments on the Weston cell The 
Author advocates a cell of Muirhead type made with cadmium salts and 
■cadmium. 

A. Campbell. "A Self-acting Temperature Compensation for 
Standard Cells.” Proc. Phys. Soc., Lond., Vol. XVL, p. 34 ; 
also The Electrician, Vol. XXXV., p. 601. 

W. Jaeger and K. Kahle. "A Comparison of the Clark and 
Weston Cells as regai'ds Temperature CocfFicient.” Bee 
Wied. Ann., No. 8, 1898 ; also llie Electrician, Vol. XLL, 
p. 642. 

The authors have examined 68 cells (27 Clark colls and dl Weston ctdls) 
■constructed since 1891. They have been tested at intervals of about a year 
and the maximum difference observed l>etween the Chn'k cells was 0*14 
millivolt and between the Weston cells 0*18 millivolt, which last in two years 
decreased to 0*08 millivolt. The cadmium colls should only be uned l>etween 
20°C. and 70°C. The E.M.F .’s are — 

Clark cells (H form)=l-4328 international volts at 15®C. 

Weston cell = 1-0186 volts at 20“C. 

The ratio of — 

Clark at 0°C. to Weston at 20^0.= 1-42277 
Clark at 15®C. to Weston at 20‘'C. = 1*40663. 

The temperature correcting factors are — 

for Clark cell = 1 - 0'00119 («-15) - 0*000007 {t - 16)® 
for Weston cell = 1 - 0*000058 (t - 20) - 0*00000066 (t - 20)*, 
and these factors, by multiplication with the value of the E.M.F. at 15^0 or 
20°C. respectively, give the value of the E.M.F. of each cell at f 
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K. Kahle, On tlie Clark Cell.’* The Electrician, VoL XXIX., 
p. 516 ; also Froc. Brit. Assoc., 1892, Edinburgh. 

This paper contains a valuable table giving the temperature coefficient of 
different types of H-form Clark cell. The mean value of the temperature 
eoefficient (a) of the H form of cell according to the author is given by 
a = 0-OC0783H-0-000017(e- 15) 
and the E.M.F. at f = E.M.F. at IS*^ x [1 H- a(t ~ 15)]. 

The above author strongly advocates the use of the H form of cell. He 
says he has set up about 60 H-fonn cells and has found no difficulty, when 
using pure materials, in keeping the differences of E.M.F. of the various cells 
to le&s than one ten-thousandth of a volt. He gives the following table 
showing the temperature coefficient (a) for various forms of Clark cell : — 


Form of Cell. 

Temperature Coefficient. 

H-cell set up in Lord 
Rayleigh’s manner 

+ 0*000812 H- 0-000013 {t - 16) 

H-cell, the paste covering both 
electrodes 

+ 0*000774 + 0*000020 (^-15) 

The Reichsanstalt form of H-cell, 
paste covering both electrodes 

+ 0*000791 + 0-000017 (e - 15) 


The electromotive force of the H form of cell appears to be about d- parts in 
10,000 less than that of the ‘Board of Trade or original form when taken 
at 16"C. 

(e) Various Investigations. 

J. Swinburne. On the Causes of Variation of Clark Colls.” 
The Electrician, Vol. XXYII., p. 500; also Brit. Assoc. 
Pieport, 1891, Cardiff. 

S. Skinner. The Clark Cell when Producing a Current.” 
Froc. Phys. Soc., Bond,, Vol, XIIL, p. 218 ; The Electrician, 
Vol. XXXIII., p. 644. 

W. E. Cooper. The Permanency of Board of Trade Clark 
Cells.” The Electrician, Vol. XL., p. 748 ; or Science 
Abstracts, Vol. I., p. 492. 

The author has tested a number of Clark cells set up according to the 
Board of Trade specification, and finds, after 3^ years, the mean differences or 
mean errors in E.M.F. amount to 1 part in 700 or even 1 in 600. Time 
introduces a progressive variation in E.M.F., the E.M.F. steadily falling. 

W. Jaeoee. ‘‘ Cn Cadmium Cells.” Ann, Fhys. Ckem,, 1898, 
65, 1, p. 106 ; or Science Abstracts, Vol. I., p. 498, 
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T. WuLF. ^‘Tlie Clark Cell on Closed Circuits.’* Scierice 
Abstracts, Vol. I., p. 340. 

After repeatedly short-circuiting cells through 50 ohms tlie E.M.F. was not 
permanently affected. 

W. 0. Fishek, ‘‘Tlie Recovery of Clark Cells after Sending a 
Current.” Tho Electrician, Yol. XXXYI., p. G47. 

The author finds repeated short-circuiting produces no permanent injury 
to the cell. 

W. Jaegeu. “ On Change in the Zinc Sulphate in Clark Cells.” 
Ann. Ehua. Chem., 1897, 68, 1, pp. 854-365. 

Komnstamm and Cohen. “'The Weston Standard Cell.” TJte 
Electrician, Vol. XLI., p. 381. 

J. Hendeesox. “ On Cadmimn Standard Cells.” Eldl. Mag., 
Vol. 48, July, 1899, p. 152. 

For various correspondence on the subject of the Clark cell 
see The Electrician, Vols. XXXIX. and XL., for 1897 and 1898. 

§ 10. Mechanical Standards of Electromotive Force. 
Voltmeters. — In addition to the standard cells or electro- 
elieiiiical standards of (ih‘ctroinotive forc(‘., an electrical 
laboratory niust l)c provided with mechanical sta,udards 
for tlic nieasuromcnt of })otential diirerence or electromotive 
force. These instruments art*, called voltmeters, and a.re 
eacli coiustriieted to be suitaldc for a certain range of 
voltage or potential diflereiice apjlied to their terminals. 
These a])plunices arc roughly distinguished into low and 
liigli voltage voltmeters, according as tliey arc designed 
to read over ranges of from oOO volts downwards or from 
500 volts upwards. Some of these types of instruments 
arc ada,pted only for ordina-iy or not very accurate 
measurements. Thi^se are called worlmiff volimcUirc^. Others, 
foi* veay careful work, arc called stuMdard voUfneters. If 
tlu^ iiistrunient sliows hy a scale deflection or pointer 
indication directly the value in volts of the })ot 0 ntial differ- 
ence of its terminals it is called a dirccEreadin.jf twlbnctcr. 

For the Lritisli Board of Trade electrical laboratory a 
mechanical standard of electromotive force was designed 
by Lord Kelvin, which, as a standard of voltage, Ls considered 
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to be more permanent than an electro-chemical standard 
consisting of a battery of standard cells. This mechanical 
standard consists of an idiostatic electrostatic voltmeter,, 
in which the difference of potential between a series of 
fixed metallic snrfaces and a series of metallic plates 
suspended by a torsion wire, is made to exert a mechanical 
torque twisting the suspending wire, carrying one set of 
plates through a certain angle against the torsional rigidity 
of the wire. The description of this principal Board of Trade 
100- volt standard is as follows : — 

Construction and Use of the Board of Trade One Hundred Volts 
Standard op Electromotive Force or Voltage. 

The instrument is shown in plan and sectional elevation on the accompanying 
diagrams (see Figs. 39 and 40). It consists of : — 

Suspended Vanes. — (a) An arrangement of 10 parallel paddle-shaped vanes, 
in form similar to the moving portion of Lord Kelvin’s Quadrant Electrometer, 
fitted on an axis passing through the centre of gravity of each vane and 
separated by distance pieces to a distance of nine millimetres apart. 

Concave Mirror. — (b) On the same axis is fixed the aluminium frame of a con- 
cave mirror 19 millimetres in diameter and about 61 millimetres focal length, 
which is held in the frame by means of three light phosphor bronze springs. 

Suspending Wire.^ (c) This arrangement is suspended by means of a wire 
0‘05 millimetre in diameter and 18 centimetres in length, formed of an alloy 
of 10 parts of iridium to 90 parts of platinum, attached to the end of the 
axis above the mirror so that the axis hangs in a vertical line. 

Eorizontal Adjustment of Position of Vanes. — {d) The upper extremity of 
the suspending wire is fixed to the centre -of a circular brass plate having 
teeth cut in the circumference, into which a tangent screw is geared so as to 
enable the end of the wire to be rotated in the horizontal plane for the hori- 
zontal adjustment of the vanes. 

Vertical Adjustment of Vaoies. — (e) The vertical adjustment of the position 
of the vanes is accomplished by the raising or lowering of the platform on 
which the circular brass plate mentioned above is pivoted by means of three 
screws for raising and three for lowering. These screws regulate the distance 
of the platform above a similar platform fixed by means of three supports to 
the framework of the instrument. 

Quadrants.— {f) The vanes are suspended so as to slightly enter at the 
zero position of the instrument into the spaces between two sets of 11 thin 
polished brass plates shaped as quadrants of a circle, which are fixed horizon- 
tally one above another to a vertical support. These two sets of plates are 
in metallic connection, and are carefully insulated from the framework of the 
instrument. 

Vibration Checkimg Arrangement. — {g) In order to reduce the vibration of 
the suspended system, and the time which must elapse before an accurate 
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obserTOtion can be taken, a thin horizontal brass disc is suspended in refined 
mineral oil contained within a glass vessel, by means of a wire attached to 
the lower portion of the axis of suspension of the vanes. 

Outer Case.—{h) The suspended system and quadrants, with their supports, 
are enclosed in a brass case having in front of the mirror a rectangular 
window of parallel- worked glass. A hole is cut in this case for the insertion 
of a key fitting the squared arbor of the tangent screw {d). 

Terminals.— {i)T'he terminals, by means of which connection is obtained 
with the vanes and quadrants, are fixed on a thick piece of polished ebonite 
projecting beyond the brass cover K. One terminal is in connection with the 
metal framework, the other is entirely insulated ; and a tongue of brass or 
switch connected by means of a brass rod with the two sets of quadrants 
can be turned so to make contact either with the insulated or with the 
uninsulated terminal. 

Framework and Supports.— {h) The arrangement described above, forming 
the electrical portion of the instrument, is mounted near the apex of a frame- 
work of brass in the form of a circular arc which rests by means of three feet 
on a horizontal slab of polished marble supported on a large block of Portland 
stone on a concrete foundation. A screw thread is cut on the feet for 
accurate levelling of the framework, to which two spirit levels are attached. 

Eyepiece and Cross Wire. — (l) On a support attached to the centre of the 
cui ved portion of the framework is fixed the observing portion, consisting of 
a magnifying eyepiece in front and in the focus of which is stretched a vertical 
copper wire 0'06mm. in diameter. 

Fiducial Marks. — (m) At each end of the arc is erected a vertical support, 
to which is fixed a tablet of brass with the surface facing towards the mirror 
platinised. On each of these faces is engraved a vertical line. These lines 
form the fiducial marks ; that on the left of the observer giving the zero 
position, and that on the right the correct position for 100 volts pressure. 
The distances from the mirror (&) of these tablets and of the sighting wdre [1) 
is adjusted so that the image of the line on the tablet, when the mirror is at‘ 
the proper angle, coincides with the sighting wire. 

Use op the Instrument. 

Adjustments. — The instrument must be in accurate adjustment as regards 
level and position of the suspended system. The vertical adjustment of the 
latter is obtained by trial. The vanes should be at equal distances from tfie 
quadrants above and below, this position giving minimum sensibility. The 
horizontal adjustment of the suspended system is obtained when the image of 
the zero fiducial mark produced by the mirror (5) exactly coincides witli the 
sighting mre {1), the switch (i) being turned so as to connect the quadrants 
with the metal framework of the instrument. (The levelling of the framework 
and vertical adjustment of the suspended portion of the instrument were 
carefully attended to when the instrument was first set up, and these adjust- 
ments have since that time remained constant. The horizontal adjustment of 
the suspended system requires occasional attention from time to time. } 

iZeadinys.— Arrangements should be made for obtaining a pressure which 
can be continuously varied from about 98 to 102 volts. This pressure 
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^ to the 100-volt standard, and to the instruments to be compared with 
. is adjusted until the image of the fiducial naark indicating 100 volts 
re exactly coincides with the sighting wire by observation through 
epiece. This coincidence is maintained, by adjustment of the pressure, 
essary, until the expiration of five minutes from the time of first 
ig the pressure, when, if there is no visible vibration of the mirror, the 
re is exactly 100 volts. 

rspective view of this absolute 100-volt standard is 
a in Fig. 41. 

itrnrnents of the same design can be made for any 
of electromotive force, and a set of six standard 



Fjq. 41. — Board of Trade S andard Kelvin Voltmeter. 


iters of the above described form, covering a range 

0 to 3,200 volts, has been made for the British Board 
.de Electrical Standardising Laboratory. With these 
nents an accuracy of standardisation can be attained 

1 part in 3,000. 

possession of an absolute 100-volt standard of the 
dnd is a great convenience when much standardising; 
mercial voltmeters has to be carried out. 
general purposes, and as a secondary standard, a 
lent form of voltmeter is Lord Kelvin’s Multicellular 
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PZlectrostatic Voltmeter {see Fig. 42). In this instrinneiit 
there are a series of connected fixed and movable laetal 
plates as in the standard voltmeter, but the movenients of 
the movable system are indicated by the displacement of a 
needle over a scale. The scale of the instrunieiib is divided 
so as to read directly in volts. If the plates foniiing the 
fixed portion of the instrnment and the inovabl(3 plates are 
not made of the same metal there will be a small diherejice 
or discrepancy amounting to a fraction of a volt l^etween the 



Fig. 42. — Lord Kelvin’s Multicellular Electrostatic Voltmeter. 

readings of the instrument taken with continuous potentials, 
when the fixed plates are positive and tlie movable uegalive^ 
and when they are reversed in sign of potential. This is due 
to the contact difierence of potential of the metals. In this 
case any statement of the instrumental reading must be 
accompanied by a statement as to the nature of the relative 
sign of electrification of the movable plates. 

§ it. The Instrumental Outfit of an Electrical Labor- 
atory.— The majority of the measurements made in the 
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electrical laboratory resolve themselves ultimately into one or 
more of the following five measurements : — 

(i.) The measurement of the value or strength of an 
electric current, or else proving the absence of a current, in 
some circuit. 

(ii.) The measurement of a potential difference or of an 
electromotive force, or else proving the absence of a potential 
difference. 

(hi.) The measurement of a resistance or its reciprocal 
conductance. 

(iv.) The measurement of the time integral of a current 
or of an electric quantity. 

(v.) The measurement of the rate of expenditure or dissi- 
pation of electric energy in a circuit, or of electric power 
taken up in it. 

To describe all the instruments in detail which have beer 
invented for the above measurements would be to transfer to 
these pages the contents of a library of trade catalogues ana 
circulars. We shall limit ourselves here to mentioning the 
general results of experience as to the most trustworthy and 
convenient appliances for performing the above electrical 
measurements which should be provided in a well-equipped 
electrical laboratory or testing room. 

§ 12. Current - Measuring Instruments. — The most fre- 
quently recurring and fundamental of all electrical measuriug 
processes is the operation of determining the presence, or 
proving the absence, of an electric current in a circuit. If 
present, its strength or magnitude generally has to be deter- 
mined in terms of the standard or unit current called the 
ampere. An instrument which merely shows the presence or 
absence of a current in a circuit is called a detector or 
gcdmnoscope. If it gives, in addition, a means of comparing 
the relative value of two currents, it is called a galvaiio^neter. 
If it shows by its indications the ampere- value of the curx^ent 
it is called an amperemeter or ammeter. 
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Bj far the most numerous class of instruments in use as 
galvanoscopes, galvanometers and ammeters depend for their 
operation on the fact that a magnetic flux exists round a 
conductor, conveying, as we say, an electric current. This 
flux can be detected and measured by the mechanical force or 
torque acting either upon a magnet placed near the conductor, 
or upon a small mass of iron ; or upon another movable 
conductor traversed by the same current. Another class of 
instruments depends upon the heating effect produced by a 
current in a conductor and the measurement of the linear 
expansion of the conductor due to this heating. 

We may, then, classify the current measuring or detecting 
instruments required in the laboratory as follows, depending 
upon the principle employed in their construction : — 

I. — Galvanoscopes or Detectors. 

(a) Simple linesman’s or laboratory detector, or magnetic needle 
suspended in a coil of wire. 

(h) Pole- testing paper or solution. 

II. — Galvanometers or Current Measurers. 

(a) Movable needle galvanometers with coil fixed and suspended 
magnetic needle, either simple or astatic, e.g,, Kelvin mirror gjilvanometer, 
or ordinary needle or mirror instruments of high or low resistance such 
as WiKlrujuuii’s galvanometer. 

{b) Movable coil galvanometers, in which a coil traversed V'y the 
current to be measured is suspended between the poles of a strong fixed 
magnet, c.y., Kelvin recorder pattern galvanometer or d’Areonval gal- 
vanometer. as modified by Holden, Ayrton and Mather, and Crompton. 

(c) Tangent galvanometers, in which the suspended magnetic needle 
has a magnetic length very small compared with the diameter of a 
large fixed coil or coils, e.g., the Post Office pattern, or ordinary single- 
coil tangent galvanometer ; the Helmholtz, or two-coil tangent galvano- 
me'er ; the three-coil tangent galvanometer. 

1 IL— A mp ereme ters 

(a) Electrodynamic instruments, in which the forces acting between 
conductors conveying currents are utilised as an ammeter principle, e.g., 
Kelvin ampere balances, Siemens dynamometer, Weber’s electrodynamo- 
meter, as modified by Siemens ; Pellat’s absolute electrodynamo- 
meter, &c. 

{h) Electromagnetic instruments, in which the mechanical force 
i)etween a magnet and a conductor conveying a current, or between a 
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mass of soft iron and a conductor conveying a current is utilised as an 
ammeter principle. These are variously designed as follows : — 

(i.) Movable coil instruments, e.y. : Kelvin recorder pattern of ammeter, 
d’Arsonval and Weston ammeters, and similar instruments. 

(ii.) Movable soft iron instruments, e.p.: Ayrton and Perry, Nalder, 
Evershed, Dobrowolsky, Thomson, and most ordinary trade 
ammeters. 

(c) Electrothcrmcd instruments, in which the heating property of the 
current is utilised, e.g . : Hartmann and Braun ammeters, Cardew, Holden 
and other hot-wire instruments, 

(d) Electrochemical instruments, in which the time-average of a 
current is measured by an operation of electrolysis. This method of 
current measurement is the ultimate process of determination, and 
defines the current quantity in terms of the unit current by the operation 
on which the official definition of unit current is based. Instruments for 
electrochemical measurement of current quantity are called voltameters. 
The chief electrolytic processes are those in which a solution of a silver salt, 
or of a copper salt, or else dilute sulphuric acid, are employed as electrolytes. 

(c) Electro-o^tic instruments, by which a current can be measured by 
measuring the optical rotation produced in the plane of polarised light 
by its magnetic field acting on a standard substance of which the Verdet 
constant is known. If a tube with glass ends, and filled with bisulphide 
of carbon, is placed in the interior of a solenoid, a current passing through 
the helix exerts a magneto-rotary effect on a ray of plane polarised light 
passing along the tube in th^ direction of the axis of the helix. Such an 
arrangement may be calibrated as an amperemeter, but it is only suitable 
for a very limited class of work. 

(/) Electrostatic instruments. A current can be measured most 
accurately by the measurement of the electrostatic fall in potential down 
a conductor conveying the current. If a current is passed through 
H known resistance, and if an electrostatic voltmeter or electrometer 
is applied to measure the fall of potential down it, we have at once 
a measure given of the strength of the current. 

This last method in its various modifications is bj far 
the. most practical and useful method of current measure- 
ment. 

The resistance through which the current to be measured 
flows is not necessarily j)laced in the immediate neighbour- 
hood of the potential-measuring apparatus. This last may 
be either an electrostatic voltmeter, as described in the next 
section, or else an electromagnetic voltmeter effecting the 
same purpose. 

Further details will be given in the sections devoted to 
current measurement. 
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In addition to simple detectors, now and then recj[uired, by' 
far the most convenient form of galvanometer for all ordinary 
worlv in the testing room and electrical laboratory are the- 
moxahU coil gahaoiovieters. These consist of a fixed permanent 
magnet having suspended between its poles a small light coil 
of insulated wire. The current to be detected or nieasured 



passes through the coil, entering and leaving, through the 
suspending wires which may be arranged either bifilarly, 
as in the Crompton pattern of galvanometer, or attached to 
the top and bottom of the coil, as in the Holden-Pitkin 
pattern. The movable coil galvanometer has two great 
advantages in use: "First, it is not much affected by the 
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passage of currents in neiglibouriiig wires or stray magnetic 
fields, and hence may be used in places where an ordinary 



THE ELEGTRldAN. 

Fig. 44. — Coii and Core of Holden-Pitkin Galvanometer. 
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mo^^able needle galvanometer would be useless ; secondly, 
the coil can be very quickly brought to rest by short- 
circuiting the terminals. Hence the galvanometer is or may 
be made very dead-beat or damped. In the form designed 



by Holden and made by Pitkin {see Figs. 43 and 44), or 
that designed by Ayrton and Mather and made by Paul 
{see Fig. 45), or that designed and made by Crompton 
(see Figs. 46, 47, and 48), #ie movable coil galvanometer is 
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by far the most practical and useful form of galvanometer 
for an electrical testing laboratory. It was originally designed 



by Lord Kelvin for cable signalling although now often 
called the cVArsonval form of galvanometer. 



Fig. 48 . 

The varieties of electromagnetic galvanometer which liave 
been designed are inniunerable.#In all of them the ciUTcnt 
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in a conductor is measured by the measurement of the 
mechanical action of the associated magnetic field either on 

(ct) Another magnet, 

(&) A mass of soft iron, 

(c) Another movable conductor carrying the same 
current. 

The magnetic force may produce, in either (a), (&) or (c), a 
rotation or torque, or a forcive or bodily displacement. In 
the first case a uniform field is required, in the second a 
non-uniform field. Hence we may classify the fields as : — 

(A) Uniform for rotational deflection, 

(B) Non-uniform for translational displacement. 

Then the principal currents or current to be measured may 
be in the fixed or the movable part of the instrument. 
Hence we have a further classification into : — 

(a) Fixed coil galvanometers. 

(yS) Movable coil galvanometers. 

Lastly, some arrangement, or control, is necessary to Ining 
back the displaced portion, whether magnet, soft iron or coil, 
to its original zero ijosition when the current is stopped. 
This may be achieved by the aid of another magnetic field, or 
the elasticity of a spring or torsion of a wire, or by the 
weight or inertia of the moved mass. Hence we classify 
according to the control into : — 

I. Magnetic control, 

11. Elastic control, 

III. Gravity control, 

IV. Inertia control. 

We can, therefore, symbolise any given type of galvano- 
meter by an expression of four symbols denoting the classes 
in which it is placed. Thus the ordinary mirror Kelvin 
galvanometer is represented by the symbol (r^Aal.). The 
d’Arsonval or recorder type of galvanometer by the symbol 
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^(aApil.), The above method of classification of galvano- 
aneters is that due to Prof. G. F. FitzGerald."^ 

In appraising a galvanometer, or evaluating its applica- 
hility for any purpose, we have to take into account five 
rqualities which, when numerically expressed, may be called 
■the five specific constants of the galvanometer. These quali- 
•ties are : — 

(i.) The periodic time of the movable system, or time 
of one complete small oscillation when the 
movable part is disturbed and then left to 
itself. 

(ii.) The logarithmic decrement corresponding to different, 
or some known, amplitudes of swing, i.e., the 
logarithm (Napierian) of the ratio of the amplitude 
of one excursion on one side to the next one on 
the other side of the zero point. 

(iii.) The sensitiveness, both ballistic and deflectional. 
(iv.) The internal resistance, or coil resistance. 

(v.) The zero-keeping quality, or degree of precision, 
with which the movable part returns exactly to 
the original zero position when disturbed and left 
to itself again. 

If the needle or coil of a galvanometer is disturbed, it 
‘Comes to rest after one or more vibrations. The time of one 
complete vibration, or interval between passing the zero 
point in the same direction, is called the inriodic tiinc. These 
•swings of the needle or coil are resisted by the air or other 
^causes of friction, and the amplitude of the excursions 
gradually diminishes. If the amplitude of each swing is 
measured, it will generally be found that successive ampli- 
tudes decrease nearly in a geometric progression. Hence, in 
this case, the logarithm of the ratio of one excursion to the 
next one in the same direction is constant. The constant 
value is called the logarithmic decrement of the galvanometer 
The logarithms taken are Napierian. The logarithmic 
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decrement usually varies with the amplitude of the swing, 
owing to the fact that the retardation experienced by the 
coil or needle depends to some extent on the velocity with 
which it leaves its zero position. 

If a small constant current, say a micro-ampere, is passed 
through the galvanometer coil, it will cause a certain steady 
deflection of the movable needle or coil. These deflections 
are nearly always read by means of a mirror and scale. A 
concave mirror attached to the galvanometer needle, or coil, as 
the case may be, has a ray of light thrown upon it and a sharp 
image of an illuminated wire or incandescent lamp filament is 
by it thrown upon a scale. The scale is generally placed one 
metre or 1,000 millimetres from the mirror. 

The sensitiveness or dcfiectional constant of a galvanometer 
may be defined as the scale deflection in millimetres pro- 
duced by a current of one micro-ampere passing through 
the galvanometer coil, the scale being at one metre distance 
from the mirror. It may also be stated in terms of the 
potential difference in micro-volts, which must be applied 
to the terminals of the galvanometer to produce this same 
unit deflection, or as the deflection in millimetres, at metre 
distance of scale, per micro- volt on the terminals. The sensi- 
tiveness of a galvanometer must always be controlled by the 
possession of good zero-hecpincj quality. By this is meant 
that when the current is stopped the galvanometer needle 
or coil returns again to a fixed and constant zero position. 
It is easy to give a galvanometer a spurious sensitiveness, 
but if the zero position of the movable portion is not constant, 
the value of the galvanometer for quantitative purposes is 
very small. 

A galvanometer with a very large logarithmic decrement 
is called a dead-beat galvanometer. One with a very small 
logarithmic decrement is called a ballistic galvanometer. The 
ballistic constant of a galvanometer is defined as the reciprocal 
of the “ throw’' or excursion of the needle or coil when one 
micro-coulomb of electric oumtitv is discharged through it. 
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The c*lectn('4il laboniiory should lx* provichxl witri a collec- 
ticui of iiiovahle <lc*ad->h(!jit, uiid movable coil ballistic 
p:a!vaiiom(ttc*rH {)f various resistauccH, mim large, 500 or 1,000 
ohms or more?, and some of low nisistances, sucli as 0*5, 5 
ov in cdmis. It is (b^Hirabh* also to have at least one very 
sijusitive Kelvin mirror astatic movable needle galvanometer 
of 0,(100 to 10,000 olniis resistance. 

(lenerally speaking, tangent galvanometers and needle 
instruments an*, mom suitable for a physical laboratory 
fhan for an electroteclinical laboratory, the disturbances- 
v.mmd by the presenccj of large electric currents rendering 
it most diffumlt to use the movable needle deflectional 
instrumentH. As regards ammeters, for ordinary working 
purposes tlui most convenient are those which, like the 
W eston ammeters, are movable-coil instruments. These 
iminmumtH are very dcmd-lxuit, and have equal or nearly 
scale divisions per ampere or per milliampere. These 
iuBtruments are, however, only available for continuous 
currents. 

For use with alternating currents, some form of hot-wire 
auimetor, such as tliat of Hartmann and Braun, is very 
useful. Its indications are entiredy independent of the 
frequc»ncy of the iiliernatioiiH, and th(3 instruments are also 
very deadd >eat. 

For many |)UrpoH(*H the Siemens dynamometer is an 
iaviiliiahle laboratory inHtrmm*iit Fig. 49). It consistB 
of a fixifd coil or and a Huspended coil which embraces 
the fixed coil, and tlio normal jjosition of which is with 
its idane or axis at right angles to the plane or axis of 
tlie fixed coil Tlie movabh.* (K>il is hung by a few fibres 
of floss silk, and its position is controlled by a spiral spring, 
tint icafi^r ciricl of which is attachial to the movable coil and 
the upper end to a iorsiori-head. The current is led into and 
out of the movable coil by means cd mercury cupa. The 
wires forming tin? fixetl and movable coils should always 
be broiiglit to separate terminalM|The instrument can then 
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be used for several purposes. If the coils, are joined in 
series, and a current, either alternating or continuous, sent 
through them, forces are brought into existence which 
cause the movable coil to be acted upon by a couple or 
torque, and to be twisted round. If, then, a contrary twist 
is given to the torsion-head and the movable coil brought 
back to its jzero position, the angular twist required to 
effect this is proportional to the square of the strength 
of the current. The dynamometer can thus be calibrated 



to measure current strength. If the current is unvarying, 
the square root of the torsion or scale reading gives, when 
multiplied by a constant, the current strength. If the 
current is alternating and periodic it gives the square 
root of the mean of the squares of the equi-distant 
instantaneous values during the period or the root-mean- 
square (R.M.S.) value of the current, provided that the 
periodic time of the current is small compared with the 
periodic time of a free c^^lation of the movable coil. If 
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dififerent currents are sent through the two coils the 
instrumental readings can be made to give the mean 
value of the product of their maximum values multiplied 
by their power-factor or cosine of the angle of phase 
difference; if the currents are simply periodic. 

§13. Yoltage Measuring Instruments Any of the 

above galvanom(?ters or amperemeters, if wound with 
wire of sufficiently high resistance, becomes an instrument 
which may be used for the determination of the steady 
potential difference between two points. For the current 
through any current-measuring instrument is proportional 
to the steady potential difference between its terminals, 
.and inversely as the resistance of the instrument. Hence, 
if the resistance of the instrument is so high (say, 1,000 
to 20,000 ohms) that the current it takes off, when placed 
as a shunt circuit between two points on any other circuit, 
open or closed, does not disturb sensibly the potential 
•difference between those points, the indications of the 
instrument are proportional to the original potential differ- 
ence between those points. 

For many laboratory purposes electromagnetic voltmeters, 
.as they are called, of the above type will be found convenient. 

There are, however, many measurements in which it is 
■desirable that no current shall be taken off between the 
points, the potential difference (P.D.) of which is required. 
Also it is often necessary to use the same instrument for 
•continuous and for alternating currents. In these cases the 
best voltage-measuring instruments to employ are the electro- 
static voltmeters. These are now made to measure voltages 
varying from 1 volt up to 40,000 volts or more. Their 
.general principle is as follows : — 

Let there be two sets of plates or metallic surfaces, one 
fixed and the other suspended, so as to be capable of moving 
in l')etween the fixed surfaces. Let the normal position of the 
movable plate be just outside Ae fixed one. The two sets 

^ k2 
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of plates are insulated from each other, and thus form a con- 
denser or Leyden jar having a certain capacity If we 
produce a certain potential difference between these plates, 
this P.D. brings into existence forces of attraction between the 
plates proportional to the square of the difference of potential. 



Fig. 50. — Kolvin Multicellular Electrostatic Voltmeter. 


and therefore independent of its sign. This force draws 
the movable plates in between the fixed ones, so as to 
increase the capacity of the condenser formed by the two 
phtes or sets of plates. If this force is resisted, either by 
the torsion of a suspendi^ wire or by gravity, we have 
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mi iirraii‘4«*itn‘nl c'ullad an vhudrosfMi^indbnder^ which 
cmliliratj’d in .shnw flillhrt^nai (»f potential, either the 
value or tlie root nioan-Hc|uurti vahui, acctu-diiig m the pi 
ia iinifr>rni or }>f*riodic. 

V(»Ii!aetons of this fonu have been dcHigued l)y 
Kelvin, Prof. Ayrton, and others. Of these the 




Fro. Kk*otrcmOe4C Voltmeter. 

convenient ff»rin for iln‘ elecdalcal engineering lalioratory are 
the hori^.oiiliil and vcirtieul pattern of inulticjcHulHr electro- 
static voitiwetew, im dfmignrtd by I>f>rd Kelvin for meanuring 
electrical pfitentiit! dificrence from HO to 150 or 250 volts (me 
Fig. 50 ) ; higii-priBsiira eleetrostatic voltmeters, as designed 
by Ii»rcl Kelvin (m Fig. 51) a® by Prof. Ayrton for high 
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pressures from 1,000 2,500 volts; and the low-pressure 

electrostatic voltmeters of- Prof. Ayrton, for pressures from 
2 to 50 volts, are also exceedingly useful instruments. 

These electrostatic voltmeters are also available as current- 
measuring instruments. If a current is sent through a 
resistance, and the fall of potential down the resistance is 
measured 'by a correct electrostatic voltmeter, the current 
through the resistance becomes known. This method of 
current-measuring is convenient in measuring small alter- 
nating currents, such as the magnetising current of a 
transformer. 

Electrothermal voltmeters, such as those of Gardcw, 
Holden, and Hartmann and Braun, are at times required 
when dealing with alternating currents. They are, however, 
less o-enerally useful than the electrostatic instruments 
because they take up much more power to operate them. 

As regards the method of standardising all the above 
instruments, and obtaining measurements of current and 
potential difference by means of the potentiometer method, 
the details of these processes will be discussed in a later 
section of this treatise. 

The instrument called the potentiometer is of the greatest 
utility in the electrical laboratory, and a good potentiometer 
is one of the fundamental requisites of an electrical testing 
room. In its simplest form it consists of a uniform wire 
stretched over a scale divided into 2,000 parts. This wire 
has its extremities connected to a couple of secondary cells 
{see Fig. 52), and an interpolated resistance inserted in the 
circuit. By varying this resistance it is possible to adjust 
the current in the wire so that the fall of potential down 
a length of the wire equal to 2,000 scale divisions is just 
2 volts. This is achieved by placing a Clark cell and a 
sensitive galvanometer as a shunt on the wire, and making 
contact at two scale divisions on the wire the interval 
between which corresponds numerically to the electromotive 
force value of the Clark ce% Thus, suppose the cell has an 
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electromotive force of 1*434 volts at 15°C., then two sliding 
contacts on the galvanometer and standard cell circuit are 
set to make contact at the zero and at the 1,434th scale 
division. When this is done the resistance in series with the 
two-cell secondary battery is altered until the galvanometer 
indicates no current. In order that it shall be possible to do 
this, the positive pole of the Clark cell must be connected 
with that end of the potentiometer wire to which is joined the 
positive pole of the secondary cells, called the working 
battery. Wlien this adjustment is made, the potentiometer 
is said to be set. If, then, it is desired to measure any other 
potential difference, say that due to the passage of a current 

R 



tiirongh a low resistance, wires called potential wires are 
lyrought from the ends of this resistance, and in one of these 

circuits a galvanometer is inserted. One potential wire viz., 

that attached to the highest potential point — is joined to that 
end of the slide wire in connection with the positive pole of 
the working battery. The other potential wire is attached to 
a slider making a variable contact cn the slide wire. The 
slider is then moved until the gab anomeuer indicates no 
current. This can be always done if ilie fall in potential 
down the resistance is less than that down the slide wire. The 
reading on the slide wire, as shown by the position of 
the slider, gives at once the potential difference in volts 
between the potential wires. 



’S' 
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The practical potentiometer takes one of two forms. It 
may he, as described, a simple slide wire potentiometer, or 
t}he slide wire may be in part or in whole replaced by coils 
.of wire arranged in series, as in the potentiometers of 
Crompton, Fleming, Nalder, Wulf, and others. 

The electrical laboratory should be provided with one 
■or two potentiometers.* One should be a simple slide wire 
instrument for rough work, the other a standard instrument 
for exact work, made entirely with carefully adjusted coils of 
wire. 



53a. — Scheme of Connections of Crompton Potentiometer. 


The Crompton potentiometer is shown in Fig. 53, and the 
■connections in Fig. 53a. The external appearance of the 
ITalder potentiometer is shown in Fig. 54. In the former 
(the Crompton) instrument the slide wire consists of 14 coils 
placed inside the case of the instrument, and a slide wire 
eq^ual in resistance to one of these coils stretched over a scale 
•outside the box. In series with these coils is a circular 
rheostat for adjusting the potentiometer current. There is 
a double pole six- way switch, which enables any one of six 

* The arrangement now called the potentiometer was first described by 
Poggendorff, Poggendorf’s Anncdenj Vol. LIV,, page 161, 1841. The method of 
making the potentiometer direct reading, so as to give the potential difieren.ce 
without calculation, is due to the Author, and was first described in Industries, 
July and August, 1886. 
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test circuits to be placed in series with a galvanometer and 
in shunt with any portion of the slide wire. The galvano- 
meter circuit has one end attached to a sliding contact 

which moves over the slide wire. The other end can be 

attached to the junction between any one of the 14 coils in 

series with it. When the potentiometer is “ set/’ the current 

through the slide wire is such as to make the fall in potential 
down the whole wire 1*5 volts. The scale is divided into 





Fig. 54. — Nalder’s Potentiometer. 

1,000 parts, and each slide wire unit represents one-ten- 
thousandth of a volt. 

In the Nalder instrument the whole, of the slide wire 
consists of coils placed within the box containing the instru- 
ment, and contact is made with the junction between these- 
coils by means of a circular revolving arm. 

In Fig. 55 is shown a diagram of the connections of 
the instrument as depicted in Fig. 54. Eeferring to the- 
second figure, it may be seen that a secondary battery 
is joined on to the terminals F, and sends a current 
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through the resistances connected with the dials C and D, 
and then through adjusting resistances K and H. The 
dial D has 100 equal coil resistances in it, the whole 
set being equal to the resistance of one coil in C. The 
dial K contains 19 equal small wire resistances, and the 
resistance H is a carbon resistance for fine adjustment. 
A standard cell is joined up to A A, and a galvanometer 
to the terminals marked (jalv. If the cell has a voltage 
1-4412 volts, the arm of dial C is set to 144 and that 
of D to 12. The resistances H and K are then adjusted 
so that the galvanometer shows no current, and the 
potentiometer is then “set.” The voltage to be measured 
is connected to the terminals T B if below 1-6 volts, and if 
above that to the terminals marked volts, in Fig. 55, which 
are bridged by a wire of high resistance. A fraction of 
this potential difference, either -J-, xV> riu, or is then 
measured, according as the switch M is on the contact 
marked 3, 10, 100, or 300, 

In practice it is found that potentiometers in which 
the contact with the galvanometer circuit is made either 
by rubbing or pin contacts, or by a slide contact moving over 
a wire, give trouble owing to imperfect contacts due to 
the deposition of dtist on the contact surfaces and on 
the wire, and time is wasted in getting the necessary 
adjustments made. These defects led the Author to design 
a form of potentiometer in which there is no slide wire 
and no rubbing or pin contacts, but in which the whole 
of the potentiometer wire or. resistance is represented by 
coils of wire contained in a case. The galvanometer circuit 
containing the electromotive force to be measured is brought 
to two terminals, which are in connection with two bars 
or rings of bra,ss, by means of plugs fitting into holes 
bored out partly in these bars or rings and partly in 
adjacent metal blocks. It is possible to insert any required 
portion of the whole potentiometer wire resistance, within 
limita, in between the galvanometer terminals, whilst at the 
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same time resistance is added or subtracted from a maimi 
current circuit, on wliich the galvanometer circuit is a shunt,, 
in such fashion that a constant current flows through the- 
main potentiometer circuit. This compensating resistance is- 
added or removed by plugs, as in the case of a plug pattern. 
Wheatstone bridge. Fuller details of the use of the instru- 
ment will be given in a later section of this work. 

Generally speaking, the most convenient ammeters for- 
laboratory use are those which depend upon the measure- 
ment of the fall of potential down a low resistance. The 
ammeter then consists of two parts : — 

(i.) A suitable resistance, which carries practically the 
whole of the current, and which may even be 
removed a considerable distance from the re- 
mainder of the instrument. 

(ii.) A potential measuring part, which consists of some- 
form of movable coil galvanometer of high 
resistance, or for special tests may be a potentio- 
meter. 

The galvanometer will generally take the farm of a 
permanent and well-aged magnet for producing a field 
in which is suspended a light high resistance coil, with 
pointer attached, moving on jewelled centres, and also 
a steel spiral controlling spring to keep the coil in a 
normal position, and against which the electromagnetic 
force acts {see Fig. 56). These instruments have the 
advantage that the scale divisions are usually very nearly 
equidistant. There is no blank part or non-readable portion 
of the scale, and they are also very dead-beat. In Fig. 56 is 
shown part of the mec inism of a Siemens and Flalske volt- 
meter constructed on the above principle. Part of the 
magnet is removed to show the coil.^ The coil consists of an 
insulated wire wound on a copper frame to damp the move- 
ments. The coil has attached to it an index needlC; and its 
displacement is resisted by a steel spiral spring. The 
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"W-itli equi-divisional scale used as an ammeter by measuring 
tHe fall in potential down a low resistance shunt of known 

vablne. 

Ixistruments of the above-described type are much 
employed in the laboratory as ammeters and voltmeters 
toi- the measurements of continuous currents and potential 
clilTejrences. A series of very convenient and portable 
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iHstTiinaents of the above kind have been devised by Mr. 
WiiHfoxx- These are remarkable for the almost exact 
of distance of the scale divisions. They are made 
far vetirious ranges of work, such as ammeters to measure 
fnuii O fo 15 amperes, 0*0 to 100 amperes, milliamperemeters 
and -voltoieters. 
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The three most convenient Weston instruments for general’ 
laboratory work are the ammeter, reading from zero to 15' 
amperes ; the milliammeter, reading from zero to 
amperes by hundredths of an ampere ; and the voltmeter,, 
which reads from zero to 150 volts on one pair of terminals, 
and from zero to 15 volts on another pair. 

Instruments of a similar kind are made by many other 
manufacturers. 

§ 13a. Resistance-Measuring Instruments.— The com- 
parison of conductors in regard to the quality called their' 
electrical resistance is generally conducted by means of 


b 



Fig. 59. — Wheatstone’s Bridge, arrangement of Circuits, 

instruments technically termed h'idges or iV'heatston€’» 
Iridges, provided the resistances to be compared are neither 
of them very large or very small in magnitude. In its. 
simplest form the arrangement called a Wheatstone bridge- 
consists of six conductors joining four points. In one of 
these circuits is placed a source of electromotive force such 
as a battery, and in one other circuit, called the conjugate 
circuit, is placed a galvanoscope for detecting the jiresence or 
absence of a current. 

The circuit arrangement is depicted in Kg. 59. When tlie- 
resistance of the circuits is so adjusted that closing the battery 
circuit (B) does not produce any permameut current in tlie- 
conjugate galvanometer circuit (G), the “ bridge ” is said to be- 
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balanced. To effect the balancing, two of the resistances 
(P and Q) are adjusted to a certain ratio, and these are called 
the ratio arms of the bridge. Of the other pair of resistances 
or arms of the bridge, one is a standard of resistance (S) and 
the other (E) is the resistance to be compared. The balance 
is obtained either by altering the ratio arms or by altering the 
value of the resistance of the standard or measuring arm. 

The bridge may be employed in one of two ways : — 

(i.) To obtain the ratio of two resistances. 

(ii.) To obtain the difference of two resistances. 

The first method is the one generally employed in ordinary 
work, and may be called the Wheatstone method. Tlie 
second is that used in very exact work, and is due to Prof. 
G. Carey Foster. 

The ordinary bridge, as a laboratory instrument, takes one 
of two forms : — 

(l) The Slide Wire Bridge, in which the ratio arms can 
be continuously varied, and the standard of 
resistance generally remains unchanged. 

(ii.) The fixed coil pattern, or Plug Bridge, in which the 
ratio arms can only be given certain decimal 
ratios, but the standard or comparison resistance 
can be varied within wide limits by adding fixed 
resistances in series. 

The complete theory of the bridge will be considered in 
Chapter IT. under the head of Eksistance Mkasukkment; 
but meanwhile we may state the simple principles of the 
bridge as follows : — 

First, let it be assumed that the bridge is balanced. Then 
it is clear that, starting from point a, the voltage or fall in 
potential down P and E is the same, because the points b and 
d are, by supposition, at equal potentials, as they must be if 
no current flows through the galvanometer. Similarly the 
potential fall down Q and S is equal. Call these potential falls 
Vp, Vq, Vr, Vs Then also, since no current Slows through 
the b d circuit or galvanometer circuit, we must have equality 
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in the currents in P and Q and in those in E and S. Call 
these currents Op, Cq, C_r, Cg, and the resistances of the arms 
P, Q, E, S. Then we have 

YpmYa and Vq= 7^; 
also Cp~Cq and Cg. 

But, By Ohm’s law, 

Hence ?=? or E=S^. 

Q S Q 

If the bridge is not balanced — that is, if the current 
through the galvanometer circuit is not zero, but has a value 
— then it will be subsequently shown that the galvana- 
meter current can be calculated from the expression 

^ ^t,qe^ps 
^ ^ 

where E is the electromotive force of the battery and 
A=Br(P+Q + E+S)4-B(FfQ . iTfS) +r(Fn^ OTS) 

+PQES(1 + 1 + 1 + 1), 

B being the resistance of the battery circuit, and r that af 
the galvanometer circuit.* 

The practical forms of bridge required in the electrical 
laboratory are as follows : — 

I A standard slide wire bridge, for the careful comparison 
of standard coils with other nearly equal resistance coils. 

II. A simple form of plug bridge, for approximate measure- 
ments of resistance. 

Ill A well-constructed form of dial plug bridge, for 
accurate work. 

IV. A differential bridge, for exact comparisons between 
standard coils. 

V. A low-resistance bridge, for very small resistances. 

* For the method of dealing with problems of neb-worfes of conductors me 
§ 2. Chap. IT., where the reader is referred to a Paper by the Antlior in the* 
Phil. Mag., August, 3885 ; also Proo. Phys. Soc. London, VoL VIX, 188S. 
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consisting of two or three dry cells, is connected to the ends 
of the slide wire through a contact ^ey, and the galvanometer 
is connected to a terminal between the standard resistance 
and resistance to be measured and the knife contact of the 
slides. The galvanometer used with the bridge is preferably 
one of the movable coil dead-beat type. The battery may 
consist of three dry cells. The operation of measurement 
consists in finding the point at which the slider must make 
contact with the wire so that no current passes through the 
galvanometer. The ratio arms of the bridge are then the 
sections into which the slider divides the slide wire, and 
the value of the resistance (It) being tested is equal to 



the comparison resistance (S) multiplied by the ratio (P : Q) 
of the slide wire sections. Increased sensitiveness is given 
to this bridge by making double gaps in the copper bar and 
adding two more coils or resistances to the ends of the slide 
wire. These coils are then extensions of the slide wire, and the 
slide wire becomes only a portion of the ratio arm resistance. 

Thus, let the resistances of these added coils (see Fig. 58) 
he A and B, and let ce and y be the lengths of the sections 
into which the slide wire is divided by the contact piece (o) 
when the balance is obtained. Then, if R is the resistance 
being measured and S is the standard resistance, we have 
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A displacement of the slide of one millimetre along the slide 
wire corresponds then to a much less difference between R 
and S than would be the case if the coils A and B were not 
present. This extension enables us to compare together very 
accurately two coils by measuring the difference between the 
resistances of the two coils by a method due to Prof. G. 
Carey Foster, and also to calibrate the wire or determine the 
resistance of the slide wire per unit of length. 

Let the bridge be first balanced with coils A and B (as 
shown in Fig. 61). 

Then let the position of the coils A and B be interchanged 
and a fresh balancing position be found at a distance x* 
divisions of the slide wire from the left hand end. 

Let p be the resistance of the length of x divisions of the 
slide wire, and let W be the resistance of the whole slide 
wire a b. 

Let p' be the resistance of the length of the x' divisions of 
the slide wire. 

Then corresponding to the two cases we have resistanc 
equations 

E:S=:A+p:B+W->p, 
E:S=B+/:A+W— p'. 


Hence 


or 


A+p B+ W — p 

bT?~a+w-/)'’ 

A+/5 B+p' 

B+W— |o“A+W-/ 


Tlierefore it follows that 


A-B-W+2/3_B-A— W+2/)' 
A+B+W “ B+A+W ’ 


In other words, the difference of the two resistances A and B 
is equal to the resistance of that length of the slide wire 
included between the a;' and x diwisions at which the balance 
is found on the slide wire in the two experiments. 
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If, then, the wire is of uniform resistance per unit of length, 
and if this resistance per centimetre is known, the difference 
between the resistances A and B is known. 

The slide wire can be calibrated or tested for uniformity 
as follows : — 

In place of the resistances E and S substitute another 
slide wire and another contact slider piece, so that the ratio 
arms of the bridge can be varied at pleasure. Then by moving 
the second slider the balancing position on the slide wire a h 
can be brought to any rec[uired position for any two given 
coils A and B. For A and B select two coils of wire having 
a very small diffei'cnce in resistance, and proceed as above 
described to find the length x'—x of the bridge wire which 
has a resistance equal to A — B. Then move the second slider 
a little, so as to change the ratio of E : S, and find again in 
another place on the slide wire a I the length —x equal in 
resistance to A“B. If this length — x is not equal to the 
same number of slide wire divisions in all parts of the wire, 
the wire is non-uniform in resistance. It is possible, by 
moving the second slider, to regularly inspect and measure 
the resistance per centimetre of the slide wire ; but the 
process of applying the necessary correction for non-uni- 
formity of slide wire is so troublesome in practice that it is 
better to reject the slide wire if non-uniform and obtain 
another and better wire. 

If, then, we obtain a slide wire the resistance of which 
per centimetre is uniform and is known, we can at once 
determine the difference in resistance between any resis- 
tance coil and a standard resistance not differing from it 
in resistance by a greater amount than the resistance of the 
whole slide wire. 

The Author designed in 1880 a special form of slide wire 
bridge for making such difference measurements very quickly, 
and this has been found especially convenient in comparing 
together standard coils and others intended for standards.^ 

* This bridge and the B.A. Standard CAls are now deposited m the 
National Physical Laboratory, Teddington, 
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conneetisl two other rei;langidur pics'.e.s A, i, whieh are joined 
togutherr hy slotted brass lairs //, (Fig. it'd) ujideriieatli, in 
Hueh a manner as to permit the two intervals to he made 
wider or narrower at ]deasure. This proimmtoiy U of wood, 
of the .same material ami thickness a.s the di.sey, ami Is sup-' 
ported and levelled hy three leVelling-screvvN, n'\ 

I hrough the centre of the ehonite disc pa.sse.s a (ua.ss ei-nlre. 
pin J> I) (I'ig. (}Jj, lilt which is centred a hrass arm, II If', 
c-npahle of revolving ju.st clear of the disc. ISem-iilh the 
arm, and .soldered to it, is a short hra.ss .spring wliirh 
depends vertieally downwar.lH, 'I’hi.s .spring .aiiieM »i i(« 
extremity a .small prism of platinnm-iridiiiin with one edge 
vertieal and turneii inwards. In the groove Inrned in the 
disc e is streteheil a ]datiniim-iridiiini wiie ahoiit Tsin. 
in diameter. 'I’he wire extends rotmd ahoiit p .4 the 
dreumferenee, and is nhout .-iitin. long, and tlm groove r, of 
mieh a size that the wire li.-s with e.xactly half its tint km-ss 
einlxtdded in it. This wire is represented liy the thick Idnek 
line A G A' in Fig. (12. The ends of this wire are .ioliietetl to 
copper stops A, k. On the wo,s| rectangles y. A. , m fastened 
an amitigemenl of longittidiiial copjair strips A, whieh 
connect together eight transverse s({nare cupper Iwus in ihr 
manner shown in Fig. lyj. <tn the ends of these nan... ... 
bars are fixerl vertieal coji|H*r pirns /,in. in diameter and rm 
high. On thes*! pins are .slipjM-d },i,„rt lengths .4 i),d|i, 
rnhw»r tulie, which extend laiyiiitd the pins so that tio v 
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small cups about lin. deep,^' (see Fig. 62). The top of the 
copper pin is well amalgamated with mercmy, and forms the 
bottom of the cup. These cups are filled about a quarter full 
of mercury. On the longitudinal strips of copper are fixed 
three binding screws B, B', G ; and a fourth (G') simply goes 
through the wood, and is connected by a wire t underneath 
the baseboard with the centre-pin D, and is therefore in 
metallic connection with the spring x. The battery is connected 
with the terminals B, B', and the galvanometer with the 
terminals G, G'. To the arm H H' is adapted a trigger, T, 
of sucli shape that when the button w, which is of ebonite, 



Fig. 63 . 


is pressed down, the spring x, carrying the platinum-iridium 
knife-edge, is bent inwards until it touches the wire strained 
round the circumference of e. The arm caries a vernier, IST,, 
which travels round sunk in a shallow groove in the face 
of the ebonite disc; and the ebonite is graduated on the 
face on the margin of the groove. The graduations are cut 
into the ebonite, and then rubbed over with powered chalk 
mixed with gum and water. This gives a graduation very 
legible and pleasant to look at. The length of the wire is 
just one thousand divisions ; and the vernier enables these 
to be divided into tenths. The zero of graduation is so 
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placed that, when the pointer of the vernier reads zero, the 
knife-edge on the spring x is exactly opposite the extremitj' 
of the platinuin-iridiuin wire. 

It is thus clear that the revolving arm carrying its knife- 
edge can he moved round so that, on pressing the tiiggei 
button the knife-edge makes contact at any point of tliis 
wire, and tlins connects this point with the terminal (x . 

This part of the arrangement answers to the sliding Week 
and piston-contact piece of the ordinary divided-metre In-idge. 

Jfeaod oj wsi'iig iU Balance.— tti now two resistance 
coils of about equal resistance be provided, anil let tlic coil 
terminals of one coil he placed in the merciuy cups j) and r, 
and those of the other be placed in g' and 5 '. And let two 
more coils be taken of not very unequal resistance which it is 
desired to compare with each other ; let the terminals of one 
be placed in the mercury cups a and 0 , and those of the other 
in V and d'. It will then he seen that, if a battery be 
connected with B B' and a galvanometer with Gr G', that we 
have the usual Wheatstone bridge arrangements (see Fig. 64 
for a diagram of tbe connections). Two quart Leclanche cells 
are best suited for ordinary use. If a more powerful battery 
is used, there is danger of heating the platinum-iridium wire, 
and so expanding it that it may slip down out of its gfoove. 

The coils in the intervals between the cups p and r and 
and g form two branches; and the coil in the interval 
between co and altogether with the resistance of the platinum- 
iridium wire round to the place where the spring ^ touches 
it, forms the third branch, whilst the coil in the interval &' d\ 
together with the remainder of the wire, forms the fourth. 
The bridge ” wire consists of the arm H H' and the wire 
under the baseboard, together with the galvanometer inserted 
between G and G'. By moving round the arm li E' and 
pressing the button w we can find a position, where there is 
no current through the galvanometer. The copper strips 
hk are made of copper so thick that their resistance is 
practically nothing. Having established a balance between 
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the conductors and read the vernier, the next operation is to 
lift up the legs of the coil which were inserted in the cups a 
and c and drop them into the cups h and d. Likewise a 
similar change is effected on the other side; the terminals 
of the coil inserted in V and d' are changed to a! and d. 
An examination of the connections as shown in Fig. 64 will 
show that the result of the operation is as if the coils had 
changed places whilst preserving their former connection. 
Now let the arm he moved round and a fresh position of 
eq^uilibrium found by pressing the trigger and reading the 
vernier. A little consideration will show that the difference 



of these readings gives the difference between the resistances 
of the coils in terms of a length of the bridge wire ; for the 
amount by which one coil exceeds the other in resistance is 
equal to the resistance of that part of the bridge wire included 
between the two readings.* In order to render this metliod 
of determining the difference of the two coils practicable, the 
platinum-iridium wire must be exceedingly uniform in 

* This method of obtaining the difference of two resistances in terms of a 
length of the calibrated bridge wire was suggested by Prof. G-. C. Foster, F.R.S., 
in a Paper read before the Society of Telegraph Engineers, May 8, 1872. 
In this Paper is given an account of the method of calibrating a wire. It is 
obvious, without any further proof, that if the coil placed in a and c exceeds 
in resistance that placed in h and d, then on exchanging them, since the united 
resistance of coils and bridge wire remains the same, 'hat the contact knife- 
edge must be moved back along the bridge wire by a length exactly equal in 
resistance to the excess of one coil over the other. 
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resistance, or else a table of calibration will have to be 
made. Great pains were taken to procure a length of wire 
as uniform in size and resistance as possible ; and considerable 
care was taken, in laying the wire in its groove, not to strain 
it in any way. It lies evenly in its groove, just sufficient 
tension being put upon it to keep it in its place. The whole 
resistance of the wire from end to end is not far from 
•sV of an ohm at about 15°C. 

The wire was carefully calibrated by measuring the difference 
in the resistance of two pieces of thick brass wire of such lengths 
that the difference of their resistances was about equal to 
that of thirty divisions of the bridge wire ; and this difference 
was measured at about a hundred different equidistant 
positions all along the bridge wire, and found to be so nearly 
the same that no table of calibration was deemed requisite. 
To protect the bridge wire from injuries, as well as to preserve 
it from being heated by radiation from surrounding bodies, a 
wooden ring -y ^ is fastened down on the baseboaixl The 
ring is IJin. wide and fin. deep, and its internal 
diameter is lin. greater than that of the ebonite disc. The 
wire, therefore, lies hidden away on the side of a square- 
sectioned circular tube ; and, furthermore, a shield of 
cardboard faced with tinfoil lies upon the face of the disc 
extending just beyond the ring. An aperture is cut in this 
shield to permit the passage of the trigger, as well as to allow 
the vernier to be read. By this means the wire is not only 
out of sight, but out of reach of all radiation as well as 
mechanical injury. 

Arrangements for determining the Temperature Variation 
Coefficients of Coils. — To determine the temperature variation 
coefficient of any given coil we proceed as follows Three 
other coils are provided, two of them nearly equal in resistance, 
which we will call 1 and 2. A third coil, 3, must be taken, 
whose resistance is nearly equal to that of 4, the coil whose 
variation coefficient is desired (see Fig. 62). The terminals of 
3 are inserted in the mercury cups a and c, those of 4 in V and 
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d', those of 1 in and r, and those of 2 in q' and s'. Now the 
operation to be conducted is to keep the coils 1, 2, and 3 at a 
fixed temperature, and to keep 4 successively at two known 
temperatures differing by about 15°C., and to obtain the differ- 
ence of the resistances of 3 and 4 at these two temperatures. 
The difference of these differences, divided by the difference of 
the temperatures, is the mean coefficient of variation of resist- 
ance between these temperatures. The chief difficulty to be 
contended with is that of keeping the temperature of the coils 
constant during the operation, and of ascertaining what that 
temperature is; for, as Prof. Chrystal has remarked in his 
report (Brit. Assoc. Report, 1876), it is not easy to tell whether 
the temperature of the water in which the coil rests is identi- 
cally the same as that of the wire, since the latter is embedded 
in a mass of slowly conducting paraffin. To reduce as far as 
possible the difficulty of keeping the coils at a constant tem- 
perature, they are placed in water vessels made of zinc {see 
Pig. 65). These water boxes are composed of two cylindrical 
vessels — an outer case 9in. high and Sin. in diameter, and an 
inner one of lesser size ; the two are connected at tlie top, so 
that they form a sort of jar with hollow sides and double 
bottom. This interspace forms an air-jacket. Around the 
inside vessel near the top is a row of small holes ; and two 
tubes communicate at the bottom — one with the inner vessel 
and the other with the annular interspace. The top is closed 
by a wooden lid with apertures for thermometer and stirrer. 
Water can be made to flow from the supply pipes into the 
inner vessel : it rises up and overflows through the holes, and 
drains away down the interspace and out by the other pipe. 
The bodies of the four coils are placed in four water boxes 
of this description ; and water from the town mains being 
sent in a continuous stream through all four water boxes, the 
coils are rapidly brought to and maintained at a known 
temperature. Any desired temperature can be given to one 
coil by leading warm water from a cistern into its vessel. The 
annular air-fllled space renders the rate of cooling very slow. 
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Hence the coils, once at the desired temperature, can easily 
he kept there. Kg. 63 gives a sketch of the arrangeiiieiit, two 
of the water boxes being removed to show the connections. 

The advantage of the somewhat complicated aiTangernent of 
copper bars will now be seen. We can, without withdrawing 
the coils 3 and 4 from their water boxes, and without in any 
way disturbing the other arrangements, reverse the position of 
the coils 3 aud 4 on the bridge, by simply lifting up the legs 



Fig 65 . 


half ail inch and changing the mercury cups into which they 
dip. Thus the legs of coil 3 are changed from cups a and g 
to h and d, and those of coil 4 from y and to a' and (L 
This exchange does not occupy more than a few seconds; and 
hence we can obtain the two readings necessary to give the 
difference of the resistance of the coils ^3 and 4 when they are 
at different temperatures in a very short tim'e. During this 
short time the temperatures of the two coils will not change 
perceptibly, protected as they are by an air-jacket. 
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In the ordinary form of straight bridge there is considerable 
trouble in exchanging the coils, because the water vessels 
have to be moved and the mercury cups readjusted ; and 
all this time the coils are cooling, so that the two 
readings are never made under the same circumstances as 
regards temperature. Beginning, then, with all four coils at 
the same temperature, we take the difference between 3 and 4. 
To get them all at the same temperature, water from the town 
mains is allowed to circulate through the system for half an 
hour. At the end of this time the difference of 3 and 4 is 
taken ; and several readings are taken at small intervals of 
time to see if the temperatures are constant. This being 
done, the temperature of coil 4 is raised by the introduction 
of warm water until it is about 15*’ C. above that of coil 3. It 
is best to raise the temperature about 20'’C. above the other at 
first, and keep it there for 20 minutes, and then let it fall 
very slowly. In this way coil and water cool together, and 
an equilibrium of temperature is established between them. 
The difference between 3 and 4 is again tak^n ; and from 
these two readings we have, as seen above, the mean 
variation coefficient between the two temperatures. Another 
method, which would probably be a more accurate one for 
obtaining the mean coefficient of variation between 0“C. and 
15°C., would be to wait until the temperature of the water in 
the town mains was about 15°C., and then to keep three of 
the coils at that temperature, and to cool the fourth by means 
of ice to zero. If then all four were kept at 15''C. and the 
observations repeated, we should have the means of finding 
the variation coefficient of the fourth coil between O'^C. and 
15°C. Prof. Chrystal in his report threw out the suggestion that 
resistance coils should have a thermoelectric couple attached 
to them, one junction being buried in the heart of the paraffin 
surrounding the wire, and the other outside. This has been 
tried in some coils recently made, and proves a satisfactory 
method of ascertaining the equilibrium of temperature 
between the wire and the water. 
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Another source of error in the ordinary methods arises 
from uncertain or varialole resistances at the mercury cups 
It is important that the copper legs of the coil terminals 
should press very firmly against the tops of the copper pins 
on which the india-rubber tube cups are fixed. To ensure 
this, the plan adopted is to fasten on the coil legs an ebonite 
clamp. Along the edge of the wooden promontory j li i 
(Fig. 62) are put brass pins, m; and by means of steel spiral 
springs fixed to these and attached to the clamps the coil 
legs are pressed down very firmly (see Fig. 63). The ends of 
the pins which carry the india-rubber cups and the ends of 
the coil legs being well amalgamated, we get, when they are 
thus firmly pressed in contact, a very good joint, and one 
whose resistance is small and constant. If the clamps are 
not used, then one leg may get lifted up a little, and thus a 
short length of mercury interposed, which leads to an error in 
a reading. 

Exam])h of a Determination of the Variation Coefficient o) 
a Coil . — In the bridge constructed on the above plan for the 
Cavendish Laboratory, Cambridge, the whole resistance of the 
platinum-iridium wire is very nearly 0*0512 of an ohm, or 
not far from ^ of an ohm, at about 15°C. As the whole 
length can be divided by the vernier into 10,000 parts, this 
gives as the value of jV of a division of an ohm. 

The unit in the following examj)le is of a division. To 
secure the greatest accuracy of measurements a sensitive low- 
resistance galvanometer must be used. The image of a 
wire strained across a slit is reflected on a scale in the usual 
way, and read at a distance by means of a telescope. The 
galvanometer should give an indication, when used with pre- 
cautions, due to a difference of one-tenth of a division when 
comparing two ohm coils. But as the temperature can hardly 
be measured with certainty to within less than of a degree, 
this alone renders such refinement of reading nugatory, in the 
absence of better methods of ascertaining with certainty the 
real temperature of the wire. 
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An example may be here given of the use of this bridge in 
comparing two resistance coils. Call them F and K. Let K 
be the coil whose variation coefficient is required. 


I. Difference of Resistance of Coils F and K at 11°C. 


j Bridge Eeadings. 

Difference. 

Exp. i. ! 5000 

Exp. ii j 5000 

Exp. iii j 5000 

4955 45 

4954 46 

4955 1 45 


The first column gives the number of experiment, the 
second the reading with the coils F and K in one position on 
the bridge, the third when F and K are reversed or have 
exchanged places on the balance; and the fourth gives the 
difference of their resistance at in units of the bridge 
wire. 


II. Difference of Resistance of Coils F and K at 28*2°C. 



Bridge Readings. 

Difference. 

Exp. i 

5439 

4492 

947 

Exp. ii 

5442 

4497 

945 

Exp. iii 

5440 

4490 

950 


As before, the fourth column gives the difference of F and 
K at 28-2“C. Taking the mean difference at 28’2°C. to be 
947 units, and that at 11°C. to be 45 units, we have 


28 " 2 ~ ~Ti ^^^’^ units ' 

as the mean variation coefficients between 11°0. and 28°0. 
in units of bridge wire. Since the coils F and K are approxi- 
mately ohm coils, this gives as the variation coefficient of the 
coil K -0262 per cent. This coil was of platinum-silver wire. 
These three determinations occupied about an hour and a half, 
during which .time many more readings were taken, all closely 
agreeing with the above. The actual measurement of the 
differences requires but a few moments to effect, the principal 
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expenditure of time being that rec[uired to bring the coils 
to the same temperature as the water- 

In practical laboratory or testing,^ room measureinontB of 
resistance the slide wire form of bridge is not iiinch nsctl. 
It is more convenient to employ one of thcj forms ot pluj/ 
hficlge. In this arrangement the resistances, winch iorni 
three arms of the bridge, consist of coils of. insulated wire 
wound on bobbins and contained in a box. These I’esistaiiee 
coils are connected in series as required. Them are two 
principal modes of effecting this junction. The to[) surface ol 
the box generally consists of a slab of ebonite, on which are 
fxed brass blocks. In the series pattern or Post Office patten i 



riG. 66.— ArraTigement of Eesistaace Coils, Blocks and Plugs in a Series 
Pattern Bridge. 

of bridge the brass blocks are arranged in rows and tlie coils 
connected between them, as shown in Fig. GG. Eaeli IJoclc 
is bored out in such a manner that a brass plug lilting into a 
conical hole drilled partly in one block and j tartly iii 
adjacent one metallically connects the blocks a.iid short- 
circuits the coil joined in between tliem. The ])]ug is care- 
fully ground in, so that the iiitercoiinectioii orfeiAs caily a 
negligible resistance. Hence, in ttie case of such an amtuge- 
ment of coils interconnected by blocks, the iiiKortion or 
withdrawal of plugs cuts out or adds resistance into Uiu circuit 
in which these coils are connected. 

In the series form of plug bridge the ratio arms geiierallj 
consist of five coils having resistances respectively of 1, 10, 
100, 1,000, and 10,000 ohms. The tlaiid or measuring arm 
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consists of a series of sixteen coils having resistances of 1, 2, 
2, 5, 10, 20, 20, 50, 100, 200, 200, 500, 1,000, 2,000, 2,000, 
5,000 ohms. The box is usually provided with two contact 
keys and terminals for the galvanometer, battery, and resistance 
to be measured. The chief objections to the series pattern of 
plug bridge are that the withdrawal of any plug from a hole 
tends to loosen all the rest and so creates bad contacts. Hence 
it is necessary to be continually going over the plugs and 
tightening them up Moreover, plugs withdrawn are not in 



Fig. 67. — Arrangement of Coils in Dial Pattern Wheatstone Bridge. 

use, and are therefore in danger of being oxidised or spoilt by 
being laid about on the table or held in a damp hand. 

These objections are avoided in the form commonly called the 
dialjpattern of bridge. In this form the measuring arm of the 
bridge consists of a series of decimal coils — ^viz., nine l-ohin 
coils, nine 10-ohm coils, nine 100-ohm coils, &c. These coils are 
connected between ten blocks fixed on the upper surface of 
the box. These blocks are arranged round a central bloclv (see 
Fig. 67). Ten conical holes are bored out in between th(i 

w2 
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series between the fiisou 96 ohms, and soon. 

resistance from zero t ^ (Kctfe are arranged 

A set of three, four, or five of these mis 

iu and on the different dials being intercon- 

of one dial b>eing connected to the 


Fia. 68 - Standard Bar pattern W'heatitone Bridge. 


cst outside block of the next. Manufacturers often arningo 
le blocks in a rectangular form, as m ihg. Sa. In ^ »•' 
lowii a diagrammatic scheme of the arrangemciut oi cuiIh in 
standard Wheatstone bridge of the above kind 
la an electrical laboratory one table should lie devoted to 
dial or bar pattern resistance bridge. The bridge Bhciuld 
e contained in a wooden box, which can be cloned when 
fie apparatus is not in use to keep light and dust from 
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the ebonite slab. The battery should consist of three or four 
dry cells of the Leclauche type. The galvanometer should 
be a movable coil galvanometer^ having a resistance of 500 to 
l/)00 ohms. Thick flexible copper cable connectors should 
be brought from the terminals of that arm of the bridge in 
which the resistance to be measured is placed to two 
mercury cups fixed on a wooden stand. In these cups can 
be inserted the extremities of any coil or wire the resistance 
of which is required, and this can be determined in a few 
moments of time. Fuller details of the processes of measure- 
ments and necessary precautions are given in Chapter II. of 
this volume dealing with the measurement of resistance. 



Fig. 69. — Arrangement of Resistance Coils, Plugs and Block in Bar 
Pattern Bridge. 

The laboratory equipment must include some form of slide 
wire bridge suitable for rough measurements, and also a 
standard slide wire bridge for the comparison of coils by the 
Carey Foster method. 

A compact form of bridge for this latter purpose is that 
devised by F. H. Nalder, as shown in Figs. 70 and 71.^ The 
ratio arms of the bridge consist of two coils, generally 1 ohm, 
10 ohms, 100 ohms, or 1,000 ohms, wound on one bobbin. 

* See The Electrician^ Vol. XXXI, p. 241, or Proc, Pbys. Soc. Bond., June 1893. 
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The bridge consists of massive bars of copper mounted on an 
ebonite slab. In these bars are formed mercury cups, into 
which the copper terminals of the coils are dipped. The 
ratio arm coils are connected in between the cups A Ap 
B (sec Fig. '71). ‘ The coils to be compared are connected 
to the cups I Ij, J Jp 111 the spaee between the bars is 
a circular disc of ebonite which carries certain copper con- 
necting bars. When these bars are placed in one piosition 
they connect the coil placed in cups A in series with the 
coil placed in cups 1 and that placed in cups B Bj with 


Fig. 70. — Nalder Differential llesistnrice Balance, 

that placed in cups J Jj. When however the copper inter- 
connectors are lifted up and replaced in a diflereut jicsibiou 
they exchange the places of the coils in I and J J\. The 
slide wire of the bridge is a very short platinoifl wire, (1, 
and the instrument is provided witli a number of these 
slide wires of suitable resistance per centimetre for various 
comparisons. 

Eridges are also constructed for qiiiclc ineasiiremerit, where 
great accuracy is not required, in which radial arms moving 
round dials and making contact with studs are made to 
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throw the necessary resistance coils into the measuring arm 
of the bridge. A bridge of this kind is useful in rapidly 
taking the preliminary reading of the resistance of a coil to 
be subsequently more carefully measured in a standard 
bridge. It then answers the same purpose as the '' finder ’’ 
on an astronomical telescope. 

The special forms of low-resistance bridge will be dealt 
with in the section on resistance measurement. 



Owing to the action of light and dust in deteiiorating the 
surface insulation of ebonite, the ordinary form of plug 
Wheatstone bridge with laccpiered brass blocks and ebonite 
slab is not a good one to employ in the workshop. The 
Author has therefore designed a form of workshop resistance 
balance in which there is no exposed ebonite or metal parts. 
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The box is made of oak, and the lid or upper surface presents 
only a set of rows of holes {sec Tig 72). Underneath the lid 
and attached to it are a series of ebonite idngs, on which are 
arranged a row of brass blocks and a brass disc. Eesistance 
coils of ecpial value — viz., units, tens, or hundreds of ohms — 
are joined in between the blocks as in the dial arrangement, 
and plugs shaped like a bradawl, placed in one of the 
holes bored out partly in the blocks and partly in the central 
disc, serve to throw in any required resistance between the 
first block and the disc. The resistances forming the ratio 
arms are in the same manner arranged to be used in series 
with one plug only for each ratio arm. The ratio arm coils 
are therefore OT, 0*9, 9, 90, and 900 ohms, and these, when 
joined in series, give 1, 10, 100, and 1,000 ohms as required. 





Fig. 72. — General View of the Fleminp; Workshop Bridge. 

The resistance bobbins on which the coils are wound are 
formed in the following manner : — 

Two hollow half-cylinders of thin sheet copper (Fig. 73) are 
constructed, each having a lug, and two of these half-cylinders 
are put together with a thin separating piece of ebonite and 
bound together with a thin silk tape. This constitutes the 
bobbin. The resistance wires of manganin are then cut the 
proper length, and the two ends of the wire are soldered to 
the two lugs of the copper half-cylinders (Fig. 74), the 
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remainder of the wire being wound non-inductively on the 
bobbin and tied in position by a thin silk tape. The wire is 
therefore so arranged that it quickly gets rid of any licat, and 
no paraffin wax is used to overlay the wire or coils. 

The measuring arm of the bridge consists of three sets of 
coils — units, tens, and hundreds — each set consisting of nine 
coils interposed between 10 brass blocks, whicli are arrang(Ml 
in a ciicle and carried in a sort of ebonite tray fixed on the 


EBONITE SEPARaTOH 



Fig. 73. — Construction of the Resistance Bobbins. 



Fig. 74.— Method of Winding. 


underneath side of the teak lid of the box. These blocks are 
interconnected as required with a central bi-ass ring by means 
of a travelling plug. A diagram of the bridgci is given in 
Fig. 75, and a section of the dials in Fig. 76. The })liigH 
resemble bradawls, except in their lower extremiticjs, and 
have a substantial handle; they are kept when not reqiiii'c^d 
in a sort of umbrella stand attached to the box, seen in the 
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and the common ring through small holes bored into the lid 
of the box. Hence the outer surface of the box exhibits only 
sets of small holes arranged in circles and which are marked 
respectively units, tens, hundreds. 

In order to prevent dust getting into the holes between the 
brass blocks, there is a contrivance in the form of a self- 
closing shutter. On the underneath side of the lid are a 
series of circular discs of thin ebonite, which are perforated 
by holes corresponding with the holes for the plugs in the lid 
of the box. These circular shields move round a central 
pivot, and by means of a spring are kept so turned that the 
holes in the shield do not normally coincide with the holes in 
the box lid. Hence all these box li*i holes are closed as it 
were by a small shutter, but when once opened and a plug 
inserted in the hole the plug prevents the shutter from closing. 
The circular shutters can be turned round by means of a 


BRASS BLOCK lA^noD ^0° BRASS BLOCK 



Fig. 76. — Section of Dial. 


common bar and finger pin protruding through the lid, so 
that, in order to insert the first plug when commencing his 
test, the user presses back tlie lAii and thereby opens all the 
shutters. But the moment all the plugs are withdrawn from 
their hole, the shutter under the lid springs back and closes 
all the holes belonging to that dial. 

The ratio arm of the bridge is formed of a series of coils 
which are arranged dial fashion, and which are therefore not 
1, 10, 100, lOOO ohms as usual, but 1, 9, 90, 900. Two plugs 
are therefore provided for the ratio arm dials, and the ratio 
arm dial is furthermore marked in such a manner that the 
user has no difficulty in discovering the number by which he 
must multiply and the number by which he must divide the 
ratio arm resistance to get the resistance of the circuit 
measured. The shutter closing the holes of the ratio dial is 
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independent of the others, and is not provided with a finger 
pin for opening. The spring which keeps the shutter of tliis 
dial normally closed is not very strong, and the shutter is 
easily pushed back by the point of the first plug as it is 
inserted. 

The whole of the connections are made under the lid to 
three pairs of terminals, marked on the outside as in Fig. 72, 
and in addition two keys are fixed under the lid, which are 
manipulated by two little ivory l)iittons, like electric bell 
pushes, protruding through the lid. There is therefore abso- 
lutely no exposed ebonite to deteriorate in insulation, and no 
lacquered brass, with the exception of the aforesaid six ter- 
minals, the handles by which the bridge is carried about, and 
the plugs. The terminals are constructed with a peculiar 
kind of lip, which renders it easy to grip in them either a 
single large wire like a ISTo. 10 wire or a single small wire 
like a No. 40. 

One other point is wortliy of notice. In the ordinary pat- 
terns of plug bridges the frequent use of the plugs wears 
them down into a shoulder, so that they no longer fit tightly 
into the plug holes. In this worksliop form of bridge the 
plug has a semi-circular groove tiu*ued in it at such a height 
in the plug that when in place tlie top of tlie block is just 
on a level with the middle of the groove. This device is an 
effective cure for “ shouldering in the phig.s. 

In the selection of a Wheatstone bridge for very accurate 
work ill resistance measurement it is well to have in view 
the objections which can be raised against the ordinaiy form 
of plug and coil bridge. These objections may he sammarised 
as follows : — The bridge, as supplied by most makers, consists 
of a wooden box, with an ebonite slab forming the top, on 
which are fixed the brass blocks with conical brass plug 
connectors. The resistance coils are in the box, and are 
connected between the plug blocks. If platinum-silver wire, 
or any material not having a zero temperature coefficient, 
is used for the manufacture of the coils, tlien there is very 
considerable difficulty in ascertaining the true temperature 
of the coils when the resistance measurement is actually 
being made. A thermometer placed with its bulb in the box 
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mexe.ly givos iis the temperature of the air in the box ; that 
of the coils, perhaps embedded in paraffin or shellac, may 
be very different, and moreover, the temperature of each 
coil which has current passing through it may not be the 
same. 

In the next place, very great labour is involved in checking 
the relative value of the coils, and, owing to dirt or slight 
want of fitting of the conical plugs, the value of the resistance 
added or removed by withdrawing or inserting a certain plug 
may not be at all times precisely identical. In the series coil 
or Post Office pattern of plug bridge the putting in of one 
plug slightly displaces all the brass blocks, and the expansion 
of the ebonite top prevents perfect fitting of the coned 
plugs. 

The dial pattern of bridge is therefore preferable to the 
series coil pattern, because each of the plug blocks is 
independent. Furthermore, the coils, as usually made, 
cannot be annealed after being wound, and hence are liable 
to secular changes in resistance due to strain.* 

Finally, the last adjustment of balance cannot always be 
made with integer coils, and the last decimal place in the 
resistance measurement has to be estimated from the 
galvanometer deflection (as described in the section on 
resistance measurement). 

To meet the above objections a form of .standard bridge has 
been designed by Messrs. Calleudar and Grifiiuhs, of which a 
description is given in Chapter Il.t 

I 14. Electric Quantity-Measuring Instruments. — 

Ballistic Galvanometers , — The passage of a certain electric 
discharge or quantity of electricity through a circuit, 

^ For a good summary of all that can he said against the ordinary form of 
plug resistance bridge the reader is referred to a series of articles on 
“The Electrical Measurement of Temperature,” by I^Ir. G. M. Clark, in 
The Elettriciany Vol. XXXVIII., p. 274, 1897. 

t See also The Elceiriekm,Y o\, XXXVIII., p. 747, 1897. 
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reckoned as the time-integral of a varying electric current 
having finite limits, is measured practically either hy a 
'ballistic galvanometer , if the whole dischargci is ovc‘r in 
a second or less, or, if the discharge endures for a very 
considerable time, it is measured by some of aniptire- 
hour meter. For a certain class of magnetic work tlie 
ballistic galvanumcUr is a necessary appliance. The most 
practical and useful form of this instrument is a movabk 
coil fixed magnet galvanometer. The inoval>le coil may l)e 
either a narrow, shuttle-shaped coil, as in the instruments 
designed hy Ayrton and Mather, or a circular, ring-shaped 
coil, as in the ballistic galvanometer of Crompton. 

Deferring at present a detailed discussion of the ])rineiples 
of the ballistic galvanometer, we may liere merely state that 
the elementary theory of this instrument is as follows :~If 
through the coil of the galvanometer an electric cliscliarge ov 
very brief current is permitted to take place, the magnetic 
field due to the discharge causes an impidsive torque or 
couple to act upon the movable portion of the instrument, 
whether the latter is the magnet or the coil. If the discharge 
is all concluded before the movable 2^0Ttion has been se/miUy 
displaced from its zero 'position, then tlie following eonditions 
hold good : — 

Let I denote the moment of inertia of the moval)le portion of 
the galvanometer. 

Let \xb denote the control or torque Ijroiiglit into existence 
to restore that part to its original ]>osition when displaced 
through an angle B. 

Let 0) he the angular velocity of the moving portion at 
any time t after the displacement h(‘gin 8 . 

If, in the first place, we neglect the retarding (dfect of 
friction, we may say tliat the e(piation of mc/tirm of the 
moving system at the time t is expressed l^y tlie e{|uation 

which is the analytical statement of the fact that the rate 
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, at which the angular momentum of the moving system is being 
destroyed at any instant is proportional to the angular dis- 
placement of the movable portion. 


Since 
we have 


0) 


dt' 




+^0 = 0 


as the equation of motion of the coil when we neglect 
frictional retardation of all kinds. 

From the above equation it is easily shown that the 
duration (T) of one complete oscillation of the movable 
system is given by the equation 

T = 27r 



Suppose the coil at rest in the field of the controlling 
magnet, and let a discharge be made through the coil, which 
is all completed before the impulse sensibly overcomes the 
inertia of the coil and gives it an angular displacement or 
“ throw.’' If B is the induction density or field strength due 
to the fixed magnet at the place where the coil is situated, 
and if i is the coil current at any time t after the beginning 
of the discharge, then, assuming the coil has not sensibly 
moved from its zero position, and neglecting as small the 
reaction of the coil current on the fixed magnetic field, we 
may say that the coil is experiencing a torque or couple 
represented by CBi, where C is some constant depending on 
the form of the coil. 

Hence, as above, if (o is the angular momentum of the coil 
at that instant, 

dt 

or Idea = OBidt, 


where I is the moment of inertia of the coil The product 
idt is numerically equal to tlie small quantity of electricity 
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dg^ which has passed through the coil in the element of time dt 
Hence ldoi = G^dq. 


Suppose time reckoned from the instant when the discharge 
begins, and that the discharge is complete before the coil has 
experienced any appreciable change in position. The result of 
the passage of the whole quantity Q of the discharge through 
the coil will be to apply to it an impulsive torque which will 
cause it to leave its zero position with a definite velocity Q, 
Under the above conditions we can integrate the last equation, 
and omitting the constant of integration, write 


m=CBQ. 


( 1 ) 


The angular energy with which the coil leaves its zero position 
is equal to 

If the impulsive torque gives the coil a twist through an 
angle d, and if ju is the torque due to the suspension, whether 
bifilar or unifilar, per unit angle, then juO is the restoring 
or opposing torque due to the suspension brought into 
existence by the displacement through an angle 0. Hence 
the potential energy of the coil system at the end of its swing 
is equal to or to half the product of the torque julO and an- 
gular displacement 0. Accordingly, we must have an equation 
between the kinetic energy impjarted to the coil and its 
potential energy when at the position of final displacement, or 

, _ ^ ^ 2 ) 


Combining together equations (1) and (2), 
equation 


Q = 



we arrive at the 


or, 


Q = Ga 


The above equation shows that, under the limitation assumed 
the angular excursion of the coil is proportional to the whole 
quantity of electricity which has passed through the galvano- 
meter. 
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If to the coil is attached a mirror in the usual manner, and 
the lamp and scale is placed at a distance of say one or two 
metres so that the angular deflection of the coil does not exceed 
5 deg. or 10 deg., the corresponding excursion or displacement 
of the spot of light upon the scale will be proportional to the 
total quantity of electricity which has passed through the coil. 

The ballistic constant (G) of the galvanometer is the number 
by which the scale deflection in millimetres or centimetres 
must be multiplied in order to obtain the total quantity of 
electricity in microcoulombs which produced that observed 
deflection. 

In the chapter on the Measurement of ^'Electric Quantity” 
instructions will be given for the proper standardisation of 
the galvanometer. In the meantime, a few of the qualities 
which should be possessed by a ballistic galvanometer may 
be discussed. 

The movable magnetic needle ballistic galvanometer is a 
most troublesome instrument to use, owing to the needle dis- 
turbances created by outside currents and magnetic fields. 
The most practical form of ballistic galvanometer for the 
-electrical testing room or laboratory is a movable coil galvano- 
meter with fixed magnet. This galvanometer must have its 
-coil wound on a non-conducting frame, and may be either a 
narrow coil — i.e., a coil of long or shuttle-shaped form, as in 
the Ayrton-Mather galvanometer shown in Fig. 45, page 123 
— or a circular bifilar suspended coil, as in the Crompton- 
d’Arsonval galvanometer shown in Fig. 46, page 124. In 
■either case, if the galvanometer is to be used for ballistic pur- 
poses, as little “damping” must be x^resent as possible. Hence 
the coil must not be wound on a closed metallic frame, and 
preferably not surrounding a soft iron core. On the other 
hand, when used simply as a deflectional instrument it is 
desirable to secure as much damping of the coil as possible. 
In this last case winding the coil on a metallic frame is an 
advantage, because the eddy currents set up in the frame by 
its movement in a strong field retard the movement and bring 
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the coH to rest without unnecesBary vibrations wlien the 
current through it is stopped. 

When, however, the galvanoint‘ter is to used for iMillintie 
purposes, then it should be m little damped as posHildi'. Tim 
free period of vibiution of the coil in tJiis r*aBt% wljori 
disturbed, should not l)e less than five Hecomis, and for liiany 
purposes preferably 15 seeoiid.s a.t least It is (|uitr to 

employ for many experiments a lallistic gaIvaM(umdf*r bmviiio 
a smaller free period of vilu-ation, since then thtt fuiHlanii'iit il 
requirement for ballistic work is not fulfilled. Tin* ^galvano- 
meter should, however, liav(‘a damping arrangenamt hy wliit'li 
asmall,properly4ime(lcurrentniay latscaitthniugli ihegiilvaiio- 
meter coil to bring it to nist wlien its excmrsinn has bcmi mmh% 
and thus save unnecessary loss of time in (txjau’imeniB. TIiib 
may be achieved by the use of a slnint circuit (eonsi«tiiig of 
a small dry cell), a very higli resistance (connisting of a slip 
of vulcanised fibre rubbed over with |)lnnihago), luul a contact 
key, all joined in across the gaIvanonn*ti:rr terrninalu* lly 
making suitably timed taps on the ki^y the galvanomcd^^r coil 
can have small currents sent through it w!dc*h will bring it 
at once to rest. In the ease of low rcHistiinOf^ Imllisfie 
galvanometers, mei’cly Hhort-cdrcuiting the tcrminulH *4 tint 
galvanometer by closing a k(*y in that circuit is sufiieiiOit 
destroy at once the vibration of the coil am! bring it In rmL 

Each ballistic galvanometer imisl in the labciratory Hlioiilfl 
be set up on a very steady stone shelf or pillar, fuel tluf iimiihI 
lamp and scale adapted to it. In this coriiicrtion it nifty Im 
pointed out that by far the most eonvenieiit scales to iihis for 
galvanometer puriioses am the seirii-traiispiirmit coHiiI«ii4 
scales. These are divided intf> millimetres, imd «hoiiI«l l#i 
set up on a firm stand at a distance of om* ineirn or 
1,000 millimetres from the mirror. The mnin'c of 
should be an incandescent lamp with a simple 
filament. Over this may bo placed an iwliesbci Iiooil mifJt s 
slit in it, so that only the image of one side of the lilpiiniil 
is thrown upon the scale. The galvanometer sliouM to 
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provided with a concave mirror of one metre focus. It is 
then easy to so place the incandescent lamp that the sharp 
image of one leg of the filament is thrown upon the semi- 
transparent scale- The scale must have a lateral movement, 
so that it can be moved parallel to itself and perpendicular 
to the direction of the ray of light reflected from the mirror 
when the galvanometer coil is in its zero, or undeflected, 
position. The scale deflection of the sharp line of light upon 
the screen, measured in millimetres and divided by 1,000, 
gives very approximately the tangent of twice the angle of 
deflection of the galvanometer coil; and this maybe taken to- 
be proportional to the coil deflection when that angle does 
not exceed 10 deg. 

The testing room should be provided with at least twa 
ballistic galvanometers, one having a resistance of about 
20 ohms and the other a resistance of 500 to 1,000 ohms or 
more. This latter galvanometer should have a time of free 
vibration of its movable coil of at least 12 to 15 seconds. 

The correction to be applied to the excursion of the coil 
to allow for air friction or other retarding forces which tend 
to diminish the deflection, as well as other precautions in the 
use of the ballistic galvanometer, will be given in a later 
chapter, 

In connection with the standardisation of this instrument 
it is useful to possess an apparatus called a graded oondenser 
as well as a standard half-microfarad condenser. These last, 
iosstruments are virtually Leyden jars, consisting of insulating 
sheets of mica or of paraffined paper coated on both sides 
with tinfoil, but so as to leave a margin of uncoated surface. 
A collection of these elements is assembled together, so that 
all the tinfoil coatings on one set of sides are in metallic 
connection and all the corresponding opposite side coatings 
also in connection. 

The oonstruetion of a standard condenser is a matter 
requiring some experience, and it need only here be said that 
it is not worth while to purchase one from any except a 
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mariiifacturer of ropiit©. A standard half-inicroftirad con- 
denser is, however, a necessary article. Two or three other 
condensers should be also obtained, having a capacity of 
about one microfarad each. Also a graded condenser, 
divided into microfarads and fractions of microfarads such as 
0*1, 0 2, 0*2, 0*5, 1*0, 2-0, 2*0, and 5*0, is a very useful appliaiu'c. 
All these condensers should have been tested with 1,000 \'olts 
on their terminals by the maker, so that no rislc nniy he 
incurred in using them on 100-volt circuits. The [n;oper 
charge and discharge keys for use with the condensers can 
be procured as required. 

In connection with the measurenient of electric quantity, 
in those eases in which the duration of the discharge is 
considerable (as in secondary battery tests) it is exceeding!}* 
desirable to have at hand an ampere-hour meter which will 
automatically record the total quantity which has passed 
through it in coulombs or microcoulombs, and at the same 
time show the variations of current. Of these instruments 
the most useful is the graphical recording ampere-hour 
meter. In this instrument a drum covered with paper is 
rotated by a clock train at a uniform rate, say once in 24 
hours. A pen moving over the surface of the druia is 
displaced by some mechanism which acts as an ampere meter. 
In the Holden ampere-hour meter this current-nieasuring 
part is constructed by utilising the expansion produced in a 
series of fine wires placed in parallel. A lever arrangeineiit 
enables the '‘sag” of these wires, when heated, to displace 
the pen over the drum . by an amount depending on the 
current through the wires. If, then, the pen is varialdy 
displaced as the drum revolves, we have a curve descriljed on 
the paper which shows, by the value of its ordinates at each 
moment, the ampere value of the current. If the (lisi)Iaee- 
ment of the pen is exactly proportional to the current, and if 
the speed of the drum is uniform, then the area of the curve 
described by the pen is proportional to the whole quantity in 
ampere-hours which has passed through the instrument. In 
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secondary cell testing tlie possession of a correct graphic 
recording ampere-hour meter of the above kind saves much 
time and many tedious observations. 

Eemarks on the subject of . ampere-hour meters generally 
for use in the commercial supply of electric current will be 
reserved for the section dealing with meter testing. 

§15. Instruments for the Measurement of Electric 
Power. Wattmeters. — In many pieces of testing work, 
particularly in certain alternating-current measurements, it 
is necessary to be able to measure at one operation the 
power, or mean power, given to an electrical circuit, which 
may he called the power cirmit. This measurement is made 
hy means of a wattmeter. 

In its most general form a wattmeter consists of two coils 
of wire, one of which is fixed and is called the current coil 
and the otlier of which is movable and is called the pressure 
coil The circuit in which the power to be taken up is to be 
measured is joined up with the wattmeter, so that the current 
passing through the circuit is that passing through the 
current coil. The pressure coil is then joined up so (i.) that 
one terminal is connected to the entrance end of the current 
coil and the other to the exit end of the power circuit, or 
(ii.) so that the pressure coil is connected to the ends of the 
power circuit. 

It will be seen that, if the pressure coil is joined up in the 
first manner, the voltage ou the pressure coil is that due to 
the fall in volts down the current coil as well as that in the 
power circuit. If, on the other hand, it is joined up iu the 
second way, then the current in the current coil is not 
simply that in the power circuit, but takes account also of 
the current in the pressure coil. 

In dealing with the particular measurements in which the 
wattmeter is employed we shall point out how it should be 
used. Meanwhile, it may here be stated that if the pressure 
coil is held in a position either with its plane parallel to that 
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of the current coil or embracing it, and with its plane at right 
angles to it, then, when connected up with the power circuit 
there will be found to be a mechanical force or torque 
between the coils. The restraining force required to hold the 
coils in any definite relative position in which the electro- 
dynamic force between them is not zero is proportional to the 
mean product of the values of the currents passing through 
the coils. If one current is the current through the power 
circuit, and the other current is proportional to the potential 
difference between the ends of the power circuit, then their 
mean product is proportional to the mean power taken up in 
the power circuit. The controlling condition, however, is 
that the free time of vibration of the movable coil of the 
wattmeter must be large compared with the periodic time of 
the currents, if these are periodic. 

The wattmeters used in the testing laboratory generally 
take one or tw:o forms. In the Siemens form the movable 
coil embraces the fixed coil {see Fig. 77). The movable coil 
is suspended by a few fibres of floss silk, and has attached to 
it one end of a spiral steel torsion spring. The other end of 
this spring is fixed to a torsion head, with an indicating arm 
moving over a circular divided scale. The movable coil 
carries a pointer, by which it can be brought into a recognised 
and fixed position. The arm attached to the torsion head 
can be moved independently of the head, and clamped when 
desired by a clamping screw. The current enters and leaves 
the movable pressure circuit by means of mercury cups, into 
which dip the amalgamated ends of the movable coil. The 
instrument is provided with four terminals, two of which 
are the extremities of the fixed coil and two are the terminals 
of the movable coil. 

The other form of wattmeter is that of Lord Kelvin, 
which is similar in general construction to an amp>e balance. 
The circuit formed by the coils of the suspended or balance 
arm is, however, brought to a separate pair of terminals. 
The circuit formed by the fixed coils is separate from that of 
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the movable ones. One of these forms the pressure circuit 
and the other the current circuit of the wattmeter. 

Another form of wattmeter is that in which the pressure 
coil is suspended by a bifilar wire suspension. In this case 
the current enters and leaves the movable coil by the 
suspension wires. This form is well adapted for a deflectional 
instrument in which the deflections of the movable coil are 
read by a mirror and scale. 

In the selection of a wattmeter for use in the testing- 
laboratory, especially if it is to be used with alternating 
currents, it is necessary to be guided by the foliovving 
facts : — 

For use with alternating currents there must be no metal 
work near the fixed or movable coils. Instrument inalaus 
are far too fond of lacquered brass. They put brass cov(u\s 
and shields round wattmeters, and carry the coils on brass 
pillars and supports. The result i^ that eddy currents are set 
up in these metal portions, which react upon the currents in 
the movable coil and destroy the correctness of the indications 
of the instrument. An alternating-current wattmeter should, 
as far as possible, be constructed of hard, well-seasoiK'd 
wood and ebonite, with the exception of wire circuits and 
terminals. 

A useful form of the instrument is made by providing with 
separate terminals to its two circuits the ordinary and cheap 
form of Siemens electro-dynamometer. 

If the wattmeter is being used with continuous currents, 
then it is necessary to so place it that the magnetic axis of the 
movable coil is in the direction of the earth’s horizontal 
magnetic field at the place where it is used. If this is not 
done, the terrestrial force will exercise a deflecting action on 
that coil. Hence the wattmeter should be used on a rotating 
turn-table, which enables it to be rotated in azimuth without 
disturbing the level of the instrument. 

In dealing with the special uses of the instrument the 
various precautions attending its use will be pointed out. 
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§ 16. General Hints on the Outfit of a Testing Labora- 
tory.— In concluding this chapter a few general hints may 
be given as to the equipment of an electrical testing 
laboratory. 

In most cases where this has to be done by the inexperi- 
enced, the general desire seems to be to provide a number of 
glass door apparatus cases, and to stock the shelves as far as 
possible with the beautiful creations in ebonite and lacquered 
brass of the electrical instrument maker. Hen^e it is that 
in so many colleges and technical institutions we find a large 
collection of expensive apparatus, very little of which is of 
real use in research or commercial work. 

The guiding principle in equipping an electrical testing 
room should be to buy at first as little as possible, unless and 
until the purpose of the laboratory is very clearly defined. 
The instruments that are bought as standard instruments 
should be very carefully selected, and, as far as possible, 
made to careful specifications. An odd lot of galvanometers 
bridges, resistance coils, keys, &c., should not be bought. 

The main purpose of the laboratory having been defined, 
whether for teaching, research, commercial testing, or stan- 
dardising, the first provision should be in the conveniences 
for generating and distributing the currents. Eound the 
laboratoiy should run several ciicuits, with means for bringing 
the potential difference at any place to the standard volt- 
meters and potentiometer. The principal resistance bridge, 
the principal potentiometer, the ballistic galvanometers, the 
ampere balances, standard voltmeters, and low resistance 
bridge should each be set up complete on its own table, 
with everything required for that measurement screwed 
down to the table. There should be no moving about of 
galvanometers and keys from one place to the other. The 
small local currents required should be obtained from dry cells 
of Leclaiich^ type, or from small 2-cell secondary batteries. 

The set of apparatus on each table, when not in use, may 
be kept free from dust by having a black cloth thrown over 
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it. It stands there, however, read 7 for use, and the resistance 
of a hit of wire or coil or the checking of a voltmeter can be 
carried out at a moment’s notice without loss of time. 

In many laboratories there is an enormous waste of time in 
collecting together out of cases, setting up, and connecting 
apparatus for the simplest measurement. There is also a 
great amount of capital sunk in apparatus pretty to Lode at 
but perfectly useless for real work. 

Ample provision should be made, by wire resistances and 
carbon resistances, for regulating currents. Galvanometers 
should, as far as possible, be movable coil galvanometers, so 
that they are not disturbed by the presence of currents in 
neighbouring wires. These may be kept covered over when 
not in use with cardboard boxes or hoods. 

No attempt has been made in the sections of the present 
chapter to indicate all the apparatus necessary, as that innst 
depend on the purpose of the laboratory. In the following 
chapters instructions will be given for carrying out the chief 
electric and magnetic measurements. 

As an illustration of the equipment required in an elec- 
trical standardising laboratory, we may conclude this chapter 
by a brief description of the arrangements in the British Boai d 
of Trade Electrical Laboratory at No. 8, Eichmond-terrace, 
Whitehall, London.* This laboratory was established in 
consequence of a deputation, comprising most of the pro- 
minent members of the electrical profession, to the Board of 
Trade in 1889, for the purpose of urging the necessity of the 
establishment of such an institution. A scheme was sub- 
mitted by this deputation for the establishment and working 
of a standardising laboratory, and this scheme has been kept 
in view as far as was consistent with the amount of money 
procurable from the Treasury : — 

The first suggestion for the establishment of a Government electrical 
standardising laboratory was given in a Prtper read by the Author in 
November, 1885, to the Institution of Electrical Engineers (then called ilie 

*■ See The Electrician^ October 6 and 12, 1894, V» 1. XXX III., pp. 666, 693. 
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A large electric balance (A, Fig. 78), made under Lord Kelvin’s supervision, 
is fixed immediately at the point of entry of the above-mentioned Lrge 
mains. This instrument can read up to 10,000 amperes. Round two sides 
of the current and pressure standards room is fixed a concentric main of 
the same pattern as those used by the London Electric Supply Corporation 
for trunk mains from Deptford. The outer conductor is cut across at 
intervals, and large terminals clamped on at each side of these breaks, to 
which the current-measuring instruments are attached, while copper bars ai*a 
provided for short-circuiting every instrument. The inner conductor is only 
exposed at the two ends, where it can be similarly connected to the outer 
conductor either through an instrument or by means of a short-circuiting 
strap. A complete anti-induction circuit is thus provided for current. A 
shelf of enamelled slate is carried on corbels let into the external wall of 
the building underneath the concentric main, as a support for the current- 
measuring instruments. The ampere standard B is placed upon a stone 
pedestal near the centre of the room, and the auxiliary ampere balance 0 
upon a similar adjacent support. The volt standard D, which really 
measures 100 volts, or one hekto-volt, occupies a third sbone pedestal in the 
centre of the room. Another instrument of the same pattern is placed at E. 
On the shelves round the wall of the room are five sub-standard Kelvin 
balances of the following ranges : 1 to 5 amperes (F, Fig. 78), 5 to 30 (G-), 30 
to 120 (H), 100 to 600 (K), and 500 to 2,500 (L). The first two of these 
have aluminium beams. A composite watt-balance is placed at M. One of 
the remaining walls R is occupied by various pressure-measuring instruments 
lor low pressures, and the fourth wall partly by pressure-measuring 
instruments for high pressures Q and partly by a switchboard P for 
regulating the transforming machinery. A highly insulated platform is 
provided for standing on when manipulating the high-pressure instru- 
ments. On this board are a pair of Cardew voltmeters, supplemented by 
twelve resistance tubes. Each of these is practically a complete Cardew 
voltmeter, hut without hand movement and dial. Each contains the usual 
wires and pulleys, under exactly the same “ live ” condition as in a working 
voltmeter. By means of these resistances, which can, of course, be 
independently checked and mutually compared, differences of potential up to 
2,150 volts can be measured. A “chain” of voltmeters — that is to say, a 
ret of instruments, the range of each one overlapping two others, as with the 
sub-standard ampere balances — are placed in this room. 

The chief work which has been done in this room is the comparison of the 
three standards of current, electromotive force, and resistance. The standard 
ampere, as obtained by many repeated determinations by the silver volta- 
meter, was passed through the ampere standard, the auxiliary balance, and 
through a resistance of 100 ohms, and gave a difference of potential of 
100 volts, which was observed on the volt standard. This 100-ohm resistance 
is made of manganin, and is maintained at a constant temperature by oil 
circulated by a small electric motor, and by the circulation of water in an 
cuter jacket. This 100-ohm resistance was compared with the ohm standard, 
the value of which was accepted from the British Association determination)^. 
The volt was thus deduced from the correlation of the ampere and the ohm. 
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The scal« of the rolt standard is long enough to include the pressures due to 
69, 70, and 71 Clark cells, and by direct comparison the value of the cell was 
thus determined. The work of carrying ou^t this triple comparison occupied 
many months. 

A current of about 0*8 ampere is kept cx>ntinually passing through the 
ampere standard to keep it warm and dry. The period of a complete swing 
of the standard of current is about half a minute, and hence the need for an 
auxiliary balance, to act as the “ finder ” of a telescope. 

The machinery for generating the required currents consists of a continuous- 
current motor and an alternator with shafts in line and both keyed to a 
common pulley, while a continuous-current high-pressure dynamo can be run 
from this pulley by means of belting. By varying the exciting currenls of 
these different machines a very delicate adjustment of the transformed 
current or pressure is obtained. There are, in addition, various alternating- 
current transformers for giving a range of current up to 500 amperes and of 
pressure up to 10,000 volts. 

The room containing the standard of resistance and Clark cells is a small 
room arranged to be kept at a uniform temperature of 16°C. In this room 
is a Carey Foster bridge, and a Kelvin reflecting galvanometer with a 
transparent scale. 

The verification room is fitted with a concentric main running around 
three sides, slate shelves for the support of instruments ; and a large fireclay 
oven 2ft. 3in. wide, 2ft. 6in. deep, and 3ft. high, with plate glass front 
perforated with holes for leads, is heated by gas, for testing instruments at 
various temperatures. It has been run to a very high temperature, bub it is 
not proposed to use it for more than 30'’ G. This room is fitted up with 
secondary standards for the measurement of current and pressure up to the 
limits of instruments in common use. In this room calibration and tests of 
meters have been carried out. This work has nothing to do with the 
calibration and sealing of actual house meters, which is carried out by the 
London County Council, but relates to the approval of the patterns. In this 
room the deci-ampere, deka-ampere, and hekto-ampere Kelvin balances are 
fixed. 

Ill tlie verification of instruments in this laboratory definite 
methods are employed for defining the inaccuracy. For 
instance, if an instrument reading to 100 volts is sent for 
verification at certain points, say 90, 95, and 100, the readings 
of those instruments when pressures of those amounts are 
applied are given, and not the true values of the scale mdiea- 
tions 90, 95, and 100 on the instrument. It is obvious that 
where a large number of instruments have to be checked, 
this method results in economy of time and power. 
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THE MEA8UEEMENT OF ELECTRICAL RESISTANCE. 

1. The Comparison of Electrical Resistances.— The- 
electrical resistance of a conductor may . be defined as tliafe 
physical quality of it in virtue of which energy is dissipated 
in it when an electric current flows through it. This amounts 
to saying that a fall of electrical potential accompanies the* 
flow of a steady unvarying current along a conductor. The 
ratio between the numerical values of the fall or drop in 
potential (P.D.) down a conductor and the current (C) in it 
is a measure of the electrical resistance of that conductor, if 
the current is an unvarying or continuous current. 

The energy dissipated in the conductor, measured by the' 
product of the values of the potential fall and the current,, 
takes the form of heat, and raises the temperature of the- 
conductor. This temperature change affects the physical- 
state of the conductor and alters the ratio of potential fall 
to current, and hence changes the numeidcal value of the- 
resistance. If, however, the heat is so rapidly removed that 
change in temperature is not allowed to occur in the- 
conductor, or if a correction is made equivalent to making, 
allowance for this change in temperature, then it has been 
found that the ratio between the fall in electric potential 
down the conductor and the electric current in it remains 
the same for the same conductor whether the current is large- 
or small. This interdependence, or rather exact pro- 
portionality of potential fall to current strength, in the case 
of conductors traversed by steady currents is chilled Ohm's^ 
Law. 
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Ohm’s law is not a mere truism : it is the expression of a physical fact, and 
our confidence in the general truth of the statement is an induction from the 
results of experiment in particular instances. Ohm’s law states the exact pro- 
portionality of the current when unvarying to the unvarying electromotive 
force producing it. This is not a necessary truth. The electromotive force 
E required to produce a current C in a conductor might, for instance, have 
been a function of the current C of the form 

E=aC + &C3-rcCS+, &c. 

Only odd powers of C could have occurred in the expression, because, as the 
current reverses its direction when the electromotive force is reversed, the 
right hand side of the expansion representing E in terms of C must change 
bign with C. 

Suppose we consider as important only the first two terms, and write the 
expression for E in the form 

E=RC (l-7tC2). 

It has been experimentally shown by Chrystal and Saunders (see British 
Association Report^ Glasgow, 1876) that in the case of copper Ji is a quantity 
less than 10“^-, assuming all proper corrections for temperature made. It 
bas been also shown by FitzGerald and Trouton* * * § that in the case of a solution 
of sulphate of copper h in the above formula is less than 3 x 10"®, the 
maximum current used being 10 amperes per square centimetre. Similar 
verifications have been made by Beetzf for zinc sulphate solution, by 
F. Kohlrauscht for dilute sulphuric acid employing electromotive forces 
between OT and 1 volt, and by E. Cohn§ for solutions of sulphuric acid and 
sulphate of copper, using alternating currents of low (100 a>) and high 
.(25,000 '\>) frequency. 

Hence there is a certain mass of experimental proof that the electromotive 
force is proportional simply to the first power of the current when it reaches 
a steady value. 

Although no d priori reasoning would suffice to establish this law as a 
general truth, yet, as remarked by W, N. Shaw (B. A. Report on “ Electrolysis,” 
1890), Ohm’s law evidently belongs to that class of physical law which, though 
in the first instance discovered empirically, expresses in numeral relations 
necessary consequences of the nature of the physical quantities involved. 
J Hopkmson has suggested {Phil. Trans. 11.S., 1877, p. 614) that the law 
asserts the superposition of the effects of electromotive force in bodies in 
which conduction is not complicated by any residual effects, and may there- 
fore be regarded as a special instance of the general law of superposition. 

Althougl^ therefore, demonstrated experimentally only in the case of a few 
metallic and electrolytic conductors, no facts liave been found which are 
inconsistent with a conviction of its universal truth as regards metals. It is, 


* B. A. Report, 1888, p. 341 ; 1886, p. 312 ; 1887, p. 345. 

t Po(j(j. Ann., 125, 1865, p. 126 ; 117, 1867, p. 15. 

J Pofjfj. Ann., 138, 1869, pp. 280, 370. 

§ MiccL. Ann. 21, 1884, p. 646. 
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however, not true in the case of every conductor. According to Braun,* it is 
not true for psilomelane, iron pyrites, and copper pyrites. Quinckef states 
that some liquids of high resistance, such as ether, carbon bisulphide, turpen- 
tine oil, and benzene are disobedient for electromotive forces of 30,000 volts 
and upwards. He also refers to a similar departure from Ohm’s law in the 
case of thin layers of gutta-percha, sulphur, paraffin, and shellac for small 
•electromotive forces. 

In the ca^e of liquids, when a departure from Ohm’s law shows itself 
•evidence of chemical decomposition also appears. Actual or initial chemical 
•decomposition may, in all cases, be at the root of the deviations from exact 
•obedience to Ohm’s law so far found. It has been asserted that the conduc- 
tivity of a plumbago line or pencil mark drawn on ground glass does not 
follow Ohm’s law, and it is well known that the conduction current through 
gases is not proportional to the total electromotive force acting.^ 

Assuming the Volt (equal to 10® absolute C.G.S. electro- 
magnetic units) as the practical unit of potential difference, 
■and the J7ripe7^e (equal to absolute C.G.S. electromagnetic 
units) the practical unit of current, the practical unit of 
resistance is the Ohm (equal to 10^ absolute C.G.S. units). 
Tor the denomination of very large or very small resistances 
the terms Megohm or Microhm are used, denoting respectively 
■one million ohms and one-millionth part of an ohm. A 
resistance measured or appropriately reckoned in megohms 
is called a high resistance; one conveniently expressed in 
microhms is called a lo%o o'esistance. An extra high resistance 
can be measured in mega-megohms or billions of ohms. 
Hence methods of resistance measurement are correspond- 
ingly deseribed as methods for the measurement of ordinary 
or moderate, of low, and of high resistances. 

We shall^ in the following pages, deal separately with 
the methods for the measurement of electrical resistance in 
the three cases: (i) when the resulting value is most 
conveniently expressed in ohms ; (ii) when the result is best 
expressed in microhms ; and (hi) when the result is most 
suitably expressed in megohms. 

Each range of resistance measurement has its own piost 
appropriate methods. Processes in which the numerical 

* Pogg. Ann.i 163, 1874, p. 556. 

+ Wied, Ann.f 28, 1886, p. 542. 

t Maxwell, “Electricity and Magnetism,” 2nd ed V'ol. ./p. 463, §390. 
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value of a resistance is determined by comparing it with a 
known standard resistance are called comparison methods. 
Measurements in which the value of a resistance is 
determined by immediate reference to the fundament^d 
measurements of length, mass, and time are called ahsolute 
methods. 

2, Networks of Conductors. — In the generality of cases 
the conductor whose electrical resistance has to be determined 
takes the form of a wire, strip, or rod of metal of uniform 
cross-section, or a column of a liquid conductor of similar 
form. A number of wires or conductors, so joined together 
that their ends meet in certain common points, is called a 
network of conductors. A network of conductors has a 
common or resultant electrical resistance, which can be 
expressed as a function of the separate or individual resist- 
ances of the members forming the network. 

As tlie majority of methods for the measurement of the resistances of wires 
involve arrangements of networks, it will be useful to indicate the beat 
method of calculating the resultant resistance of a network from its con- 
stituent resistances, and also the method of calculating the current flowing 
through any constituent branch by the application of a known electromotive 
force to the network. 

The following method of calculating the resultant resistance 
of a network of conductors was given by the Author in a 
Paper read before the Physical Society of London, June 27, 
1885 (see Phil. Mag,, Sept., 1885, or Proc, Phys. Soc., London, 
Vol. VIL, 1885) 

If at any two points in the network connection is made with a source of 
electromotive force by conductors called respectively the anode and cathode oon- 
ductor, then, after a short period, depending on the self and mutual induction 
coefficients of the various conductors, the total quantity of electricity arriving 
by the anode will distribute itself throughout the network and settle down 
into a steady flow. When this is the case, there is a certain definite diflference 
of potential between the anode or source-point and the cathode or sink-point, 
and there is also a certain definite and constant strength of current in the anode 
conductor and in every mesh or branch of the network. Call a and y the poten- 
tials of these source and sink-points, and x the strength of the current in the 
anode lead (that is, the whole quantity of electricity flowing |)er second 
through the network), then {y - a)/a; measures the resistance of the network. 
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We can imagine the network replaced by a single linear conductor or wire of 
such sort that if the anode and cathode conductors are applied to its ends the 
difference of potentials at the ends of this simple conductor and the strength 
of the current flowing through it have the same numerical values, 7 , a, and x. 
The resistance of this single conductor is then the same as that of ’the complex 
‘ network. 

The resistance of the network is obviously some function of the resistances 
of the separate conductors or wires which compose it, and is capable of being 
^ calculated from them. Experimentally, the resistance of a complicated net- 
work would best be determined by the measurement of the current- strength 
in the anode lead and the difference of potential between the source and the 
sink. Theoretically, it is interesting to examine the law of distribution of 
currents in a network, and to reduce to a function of the separate resistances 
the total resistance of the whole network between any two points. 

In his treatise on “Electricity and Magnetism ” Clerk Maxwell has treated 
the general case to determine the differences of potentials and the currents in 
a linear system of n points connected together in pairs by — 1 ) linear 
conductors,'*^ and has showni how to form the linear equations, the solution of 
which gives the condition of the network when given electromotive forces 
acting along some or all of the branches have established steady currents in 
them. 

The usual method of obtaining a solution for the distribution of currents is 
the application of Ohm’s law round the several circuits of the network, 
controded by the condition of continuity that there is no creation nor 
destruction of electricity at the junctions. 

Since the publication of the first edition of his treatise. Maxwell reduced 
these two sets cjf equations to one set by the simple device of regarding the 
real currents in the meshes of the network as the differences of imaginary 
currents round each cycle or mesh of the network, all directed in the same- 
direction, and thus obtained by the application of Ohm’s law a single set of 
linear equations, the solution of which gives the required currents in each 
branch. Maxwell’s method is as followsf * If we have ^ points in space and 
join them together by lines, the least number of lines which will connect all 
the points together is - 1 - If we add one line more we make a closed 
circuit somewhere in the system — that is to say, a portion of space is enclosed, 
and forms a cell, cycle, or mesh. Every fresh line added then makes a fresh 
mesh, and hence, if there are I lines altogether joining p points, the number 
of cycles or cells will be - (p - I). Let such a system of points and lines 
represent conducting wires joining fixed points and forming a conducting 
network. Let a symbol be affixed to each point which represents the electrical 
I>otential at that point, and also a symbol affixed to each line representing the 

* Maxwell’s “Electricity and Magnetism,” 2nd edition, Vol. I., p. 374, §§ 280 
and 2826. 

fThis method was first given by Clerk Maxwell m his last course of 
University lectures. It is alluded to in the second edition of his larger, 
treatise and in the Appendix of his smaller treatise by their respective editor^. 
Sir W. D. Kiven and JUr. W. Garnett, to whom it was communicated by the 
present Author. ^ 
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electrical resistance of the conductor represented by it. In such a diagram of 
conductors the form is a matter of indifference so long as the connections are 
not disturbed and lines are not made to cross unless the conductors they 
represent are in contact at that point. 

Consider a network (Fig. 1) formed by joining nine points by thirteen 
conductors. Then there will be 13 - (9 - 1) =5 cycles or cells. Let an electro- 
motive force E act in one branch B, and give rise to a distribution of currents 
in the network. Take a, jS, 7 , 5, &c., to represent the potentials at the points, 
and A, B, C, E, &c., the electrical resistances of the conductors joining tliese 
points, and consider that round each cycle or circuit an imagmary current 
flows, all such currents flowing in the same direction of rotation. 

A circuit is considered to be circumnavigated positively if we move round it 
so as to keep the boundary on the right hand. Hence, going round an area A 
in the direction of the arrow is positive as regards the inside if we walk inside 



,the boundary-line, and negative as regards external space B>if we walk in the 
same direction round the outside. We shall consider a current as positive 
when it flows round a cycle in the opposite direction to the hands of a watch, 
Ketuming then to the network, we consider that round each cycle an inaagi- 
mry current flows in the positive direction. The real currents in the 
conductors are the dijfercnces of these in adjacent cycles or meshes, and the 
imaginary currents will necessarily fulfil the condition of continuity, because 
any point is merely a place through which imaginary currents flow, and at 
which therefore there can be no accumulation nor di 8 aj;tpearance of electricity. 

, Let aj, y, 2 , &c., denote these imaginary like-directed currents. Then x-y 
denotes the real current in the branch I, and similarly a ; -2 that in branch H. 
Then ai, y, z, &c., may be called the cyclic symbols of these areas. The cyclic 
symbol of external space is taken as zero ; hence the real current in branch B 
is simply 

'I 
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Let an electromotive force act in the branch B. Let the internal resistance 
of the source of electromotive force be included in the quantity B, representing 
the resistance of the branch A. Then apply Ohnx’s law to the cycle x formed 
by the conductors B, I, H, and we have 

E -Ba:= 7 - a. 

In this ease x is the actual current flowing in the resistance B, and the poten- 
tial at the ends of B is equal to the effective electromotive force acting in it, 
less the product of the resistance of the conductor multiplied by the current 
flowing in it. For the conductor I we have similarly 

Hence x-y represents the actual current in I : it is the difference of the 
imaginary currents flowing round the x and y cycles in the positive direction. 
And for the conductor H we have also 

jS ~ o = (« — 2 ) H. 

Add together these three equations, 

E = 7 — a + Bic, 

0 =/3-7 + (a;~y)I, 

0 = a-i3 + (a;~2)H, 

and we have, as the result of going round the cycle x, formed of conductors 
B, I, and H, 

E=a:(B+I + H)- 2 /I- 2 H, (1) 

• a, jS, 7 having disappeared in virtue of these opposite signs. 

The above equation (1) is called the equation of the x cycle, and we see 
that it is formed by writing as coefficient of the cyclic symbol x the sum of all 
the resistances which bound that cycle and subtracting the cyclic symbol of 
each neighbouring cycle multiplied respectively by the common bounding 
resistance as coefficient, and equating this result to the effective electromotiv© 
force acting in the cycle, written as positive or negative according as it acts 
with or against the imaginary current in the cycle. This statement may be 
called Maxwell’s rule for the formation of the cycle or mesh equations. 

Since there are h cycles or meshes, we can in this way form h independent 
equations, and by the solution of these determine the k independent variables, 
X y, 2 , &c. The value of the current in any branch is then obtained by simply 
taking the difference of these variables belonging to the adjacent meshes, of 
which the conductor or branch considered is the common boundary. 

The rule for forming the cycle equations, as given above, is merely a modi- 
fication of the two statement^ concerning current networks generally kiiowa 
as Kirchhoff’’s Laws or Corollaries. These laws are usually stated as follows : 

(i.) In any network of conductors conveying steady electric currents the 
algebraic sum of all the currents meeting at a common point is zero, or 

S(C)-0. 

In applying the above rule the current magnitude or value must be considered 
as algebraically positive if it flows to the common point, as negative if it flows 
from it. 
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(ii.) In fny mesh of a network of conductors conveying steady currents, the 
sum of the products of the resistance of each conductor bounding the mesh 
and the current conveyed by it, is equal to the sum of all the electromotive 
forces acting round the mesh, or 

2(CR) = 2:(E). 

If we assume the existence of imaginary cycle electric currents, all circu- 
lating round the several meshes of the network in the same direction, it is 
obvious that this in itself implies the truth of (i.) ; and the second law (ii.) 
follows at once from an application of Ohm’s law and the additive property 
of electromotive forces. 

Let us now consider the most general case possible, in which we have a 
network composed of linear conductors sufficiently far apart to have no 
sensible mutual induction, and let there be electromotive foices acting in 
each branch or conductor. Let the system be considered to have arrived at 



the steady condition. Let a, y, e, &o., be the cyclic syrnl^le or measure of the 
Imaginary current circulating counter-clockwise round each mesh Let 
A, B, C. &c. (Fig. 2) be the resistances, and c,, e,, &o., the electromotive for^s 
actiDg in each branch. These are reckoned positive when they tend to force 
a current round the mesh counter-clockwise, and negative when they act in 
the opposite direction. Then the equation to the a- cycle will be 

a:(A-l- J-t- L)— jrj + O2 + On + Ow «]. 

The symbols of all the cycles are written down, putting in those of z u. and 
w with zero coefficients, as they arc not ailjacent cycles to that of * We 
shall have four equations similar to the above for the other cycles, «, z w 
and u. These equations involving only first powers of the variables x 1 / z &c 
are called Wre 2 «a«.'o»., and the student of physios is consUntly met by 
the necessity for quickly obtaining the solution of such simultaneous linear 
equations, so as to evaluate the variables in terms of the constants. 


t 
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In order that it may he possible to obtain a solution for the n variables in 
n simultaneous linear equations, certain conditions must be satisfied, and these 
conditions are determined by the relation between the constants. 

The solution of linear equations is best effected by means of the method of 
determinants, and a small knowledge of this department of higher algebra is 
exceedingly useful to the student of electrical physics. The following elemen- 
tary principles may be here explained : — 

Consider the two linear equations 

aix + hiy~c^, (i.) 

(ii.) 


Multiply (i.) by 63 and (ii.) by hi, and subtract the results. We obtain 

(otjSj — aa&i) a: = ciS., - 

This result is symbolically written in the form 

c, i, 

C-> 60 
rr== - 

tt, &, 

a2 62 


The solution of the equations expresses the value of x as the quotient of two 
expres-ioDS called determinants, 

A determinant may therefore be defined as an algebraical expression 
which consists of the sum (algebraic) of a number of terms denoted by letters 
or other signs, each of which is a product of certain elements. Into each 
product or term every element enters only once, and the elements can be 
arranged in a square or rectangular form consisting of columns and rows such 
that every product is formed by taking one element progressively from every 
row and every column once and multiplying together. 

I ct Z) 1 

Thus I I stands for the expression ay-~hx, the minus sign occurring 

bf-fore the jjroduct bx because the order of operation or sign of the term must 
always be positive when ihe selection of elements proceeds forward — i.e., 
from first row to second row, &c., or from first column to second column, &g. ; 
and negative when the order of selection is reversed — that is, from the second 
row to the first row, or second column to the first column. 

It can be similarly shown that if there are n linear equations of the type 


a^x^ + a.,x>> + (In^n = I , 

Z>jasi + 622^2+ 


Jc^X^-¥JC’jX2+ • 4 


• . — JPm 
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the solution for any variable Xy is capable of being expressed as the quotient- 
of two determinants, thus : — 


0!>2 • • • • Ctn 

^-2 


Pn h 


ay 

6, &2 


7Cn 


an 

hn 


The difference betw’een the determinants which form the numerator and 
denominator in the solution for results from writing as numerator the 
determinant of the n equations having the column py, P 2 • • • Pn substituted 
for its nth column, and then writing down as denominator the determinant of 
the n equations simply. For example^ the solution of the three linear equations 
ax +C 2 =d, 

ayX-hhyy + CyZ=dyy 

a.x + hy +c^= do^ 
d b c 

dy by Cy 
(In bn c-i 


a b c 

ay by Cy 

a^ 62 ^2 

with similar expressions for y and 2 , differing only in having as numerators 
respectively the determinants 


a 

d 

0 


a 

b 

d 


dy 


and 



dy 

«2 

(h 

C2 


% 


d2 


the denominator being in each case the same. 

In each case the evaluation of these determinants is easy : a simple sjm- 
metrical process, of taking products, according to the rule 
\ a h c 


d c f = [aci + hfy + cdh) - (cey + hdi + afh), 

g h i \ 

suffices to give the equivalent of the three-row determinant in an ordinary 


algebraic form. 
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The properties of determinants enable us also very easily to evaluate a 
numerical determinant of any order. The process consists in a gradual reduc* 
tion in the order of the determinant by such transformations as -will render 
all the elements of the first row or column zero except the first. The deter- 
minant is then reduced to the product of its leading elements and the 
corresponding minor. The minor of any determinant is one formed from it 
by omitting all the elements in one row and one column and closing up all the 
rest of the elements into one determinant. A repetition of this process lowers 
the determinant one degree at each stage ; and finally, when it is resolved into a 
numerical two-row determinant, a simple cross multiplication gives its value. 

The process of evaluation of a numerical determinant is dependent on four 
principles : — 

(1) That the value of a determinant is not altered if rows are clianged into 
columns, or columns into rows. 

(2) The interchange of two rows or two columns reverses the sign of the 
determinant. 

(3) If every constituent in any row or column be multiplied by the same 
factor, then the determinant is multiplied by that factor. 

(4) A determinant is not altered if we add to each constituent of any row or 
column the corresponding constituents of any other row or column multiplied 
respectively by an identical factor, positive or negative. 

For example, suppose that the solution of a series of network equations 
with numerical coefficients of resistance yields the determinant 

5 3 16 
7 8 9 2 
2 14 3' 

10 7 5 7 

we proceed to operate on this as follows : Subtract the second column from 
the first and write the remainder as a new first column, we get 

2 3 16 
-18 9 2 

114 3' 

3 7 5 7 

Subtract the third row from the first and put the remainder as a new first 
row, also add the third row to the second for a new second row, and we get 

12-33 

0 9 13 5 

1 1 4 3 * 

3 7 6 7 

Again, subtract the first row from the third for a new third, and subtract 
three times the first row from the fourth row for a new fourth row, and we have 

12-33 
0 9 15 5 

0-170 
0 1 14 -2 
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whioh is equivalent to the third order determinant 

9 13 5 

-17 0 * 

1 14 -2 

And a similar series of operations reduces this to 
I 76 5 I 

1 21-2 r 

which is equal to 

-76x2-5x21 = -257. 

Accordingly, a series of simple subtractions and multiplications will effect 
the evaluation of any numerical determinant, and enable us to solve a series of 
linear network equations for the currents in all the branches when the 
numerical values of the resistances of the conductors are given. 

The linear current equations as written above give as solutions the values 
of the cyclic symbols or imaginary currents round each mesh. To obtain the’ 
actual current in any branch we should have to obtain the values of the cyclic 
symbols or imaginary currents, for the adjacent meshes of which the given 
branch is a common boundary, and then take their difference. Maxwell 
ingeniously saves labour in this ox^eration by taking as the symbol for one 



mesh say x + y, and for an adjacent mesh y (Fig. 3), and then the real current 
in the branch AB is 

x-\-y-y=^x. 

And the simple rearrangement and solution of the network equation gives at 
once as value for x the current in the resistance AB, which is the common 
partition of the two meshes. 

Returning to the case when there is only one impressed electromotive force 
in one branch, we see that in forming the cycle eciuations only one will be 
equated to an electromotive force — viz., the equation for the mesh containing 
the impressed electromotive force in one of its branches. All the other equa- 
tions will be equated to zero ; and accordingly the equation for the current in 
any conductor will be of the form 



where An is a determinant of the nth order, and An~i is a first minor of this. 
Referring to Fig. 1, we see that, by writing down the five equations of the 
cycl^ Xy t/, z, n, w, we obtain equations by which to calculate the currents in 
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any of the thirteen branches, and the current in branch B will be 


where is the determinant formed of the coefficients of the five equations, 
and Art-1 is the first minor corresponding to the coefficient of x in the equa- 
tion of the a;-cycle. 

We also saw that if 7 and a are the potentials at the ends of the branch B, 

‘ E-Baj=7-a. 

Consider tliab part of the network which remains if the conductor B is 
removed, and let us imagine that a current x continues to be forced into it at 
7 and drained out at a. The total resistance of that part of the network, nob 
counting B, is 

7 - a 

X ’ 


but this is equal to 


i'-B. 


Since the resistance of B may be anything, let it be zero ; then the total 
resistance of the network between 7 and a will be 

R = ~: 


bub 


'=r^i 

L Jb=o, 


where the suffix and bracket denote that after the determinants are formed 
from the cycle equations, according to Maxwell’s rule, then in them B is put 
equal to zero. 

If we denote the determinant of all the n-cycle equations under the condi- 
tion of B = 0 by dn, and by dn—i the first minor of this latter, or the minor of 
its leading element corresponding to the coefficient of x with the resistance of 
the circuit containing the effective electromotive force put equal to zero, we 
have for the total resistance R of the network between the points at which the 
curt'enb enters and leaves the expression 

dn~l 

Since, then, as we have seen, the linear equations for the cycles can always 
be solved by evaluating the determinants, it follows that in all cases, no 
matter how complicated, the resistance of any network can be calculated by 
simple arithmetic processes from the given resistances of the branches or 
conductors which compose it. We have therefore here au interesting exten- 
sion of Maxwell's method of calculating the currents in a network and the 
potentials at the junctions to a method of calculating the combined resistance 
of a number of conductors forming a network ; which method consists, as seen 
above, in forming a certain determinant whose elements are formed of the 
separate resistances of the branches, and dividing this determinant by antther 
of an order next below— viz., the first minor of its leading elements ; and we 
find that the lesistance between any two points of any network of conductors, 
however complicated, is expressible as th^ quotient of a certain determinant 
by another formed from it. 
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We shall proceed to illustrate this method by a few examples. 

1. Find the resistance between the points 1 and 3 (Fig. 4) of a network 



Fig. 4 . 


consisting of five conductors, whose resistances are A, B, C, D, E, joining four 
points, 1, 2, 3, and 4. 

Connect 1 and 3 by an imaginary conductor of zero resistance, and having 
an electromotive force, e, supposed to act in it. Let x, y, z denote the cycles- 
or imaginary like-directed currents in the three meshes so formed, and write 
down the current equations, according to Maxwell, for these three cycles 
(A-1-B)a5 -Ay -Bz 

-kx -i-(A + E-i-D)y ~Es =0, 

-Bo; -Ey +(B-f C + E)x;=0. 

Then, by what has been shown above, the resistance It between the points 1 
•and 5 of the network is given by the expression 

(A + B), — A, — B 

-A, (A + E + D), -E 

“■ L, — E, (B -f* C -f E) 

B, =s — - — 

(A + E-bD), -E 
-E, (B-l-C-f-E) 

In dealing with numerical cases we need no longer introduce any notice of 
imaginary electromotive forces, but proceed according to the following 
rule ; — 

TO DETERMINE THE RESISTANCE OF A NETWORK OF CONDUCTORS 
BETWEEN ANY TWO POINTS ON THE NErWORK.-/ow these two points by 
a line whose resistance is supposed zero, and give symbols to the meshes of the 
network so formed, calling the additional mesh produced by this added zero 
conductor the added mesh. Then write down a determimmt tohoae dealer 
diagonal has for elements the sum of the resistances which bound each mesK 
beginning with the added mesh ; and for the other dements of each row the 
resistances, having the minus sign prefixed, which separate this nmh respectively 
from adjacent meshes, zeros being placed for elements corresponding to non- 
adjacent meshes. 
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More explicitly, if we denote by £c, z, &c., the meshes, x being the added 
mesh, and by SRa, SRy, &c., the sum of the resistances which bound each 
■cycle, then these will be the elements along the dexter diagonal of the 
•determinant. And if x and y are adjacent meshes, and ajR// rejjresents the 
resistance of the common boundary, then - will be the element in the 
-xth row an 1 ?/th column, and also in the yth row and icth column ; but if x 
•and 2 are non-adjacent meshes, then 0 will be the element in the xlh row and 
zth column, and also in the sbh row and ceth column. Having formed this 
determinant, which we call the network determinant, we divide it by the first 
minor of its leading element ; and the quotient is the resistance of the net- 
w'ork between the two points, joined by the zero-conductor forming the added 
mesh. It is seen that, owing to the mode of formation of the network 
•equations, the network determinant is a symmetrical determinant — that is, 
■one half of the determinant is the reflection, as it were, of the other half in 
fthe diagonal considered as a mirror. 

As a means of comparing the results of this method with other known 
sresults, let us take the exceedingly simple case of three conductors joining 
.two points in so-called multiple arc 

Let 1, 2, and 3 (Fig. 5) be th three conductors joining two points A and B ; ^ 



Fig. 5. 

heir respective resistances be r„ r 2 , r.j ; then join A, B by a dotted line so 
fas to make one added mesh, and let the resi«tanco of this added circuit be 
-zero. Then, without writing dowm the equations to the cycles, we see that 
lithe network determinant is 

£i„= r, -r, 0 

-r, r, +9-2 -rj 
0 - 4- rs 

The elernente r„r, 4 r 2 , r 2 4 r 3 of the dexter diagonal are the sums of the 
■resistances which bound each mesh, x, y. and 2 , taking the added mesh x flr^t. 

The other elements of the first row aic the resistances, with minus sign pre- 
fixed, which separate the mesh x from mesh?/ and mesh z ; or are common to x 
and y and x and 2 — viz., r, and zero, because x and z are non-adjacent. And, 
■similarly, if m and n are any two me8be.s, then the element in the nth row and 
mth column is the resistance separating or common to the two meshes ; and 
the element in the nth row and mth column is identical with that in the mth 
row and nth column ; zero being placed as an clement if these meshes, m and 
'/n, have no common boundary or circuit. 
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The above determinant is easily evaluated. By adding the first row to the 
second for a new second row, and this second row to the third for a new third 
row, we transform the determinant easily into 
r, -r 0 

0 n - r.2 

0 0 ^3 


which is equal to 

The first minor of the leading term of the network determinant 
I r, + r 2 -ra I 
! “"^2 


which is equal to + ror-^ + r;jr, ; 

and hence the resistance of the network between A and B is 

_ 

dn-i “ 

which is a known result. In these simple cases the above general rule is of 
course a less easy method of finding the combined resistance than the direct 
application of Kirchhoff’s corollaries of Ohm’s law ; but wliercas the general 


A 



Fig. 6. 

method is alike applicable to the most complicated as well as to the most 
simple cases, the simple direct method requires twice as many equations, and 
does not determine the direction as well as magnitude of the current in each 
branch.* 

As a simple numerical example we may take the case of a crossed square of 
wires. Let twelve conductors joiu nine points (Fig. 6) so as U> form a square 

* The joint resistance of two conductors in parallel may Im f)htained by the 
following single geometrical construction : I)r«iw two straight lines perjien- 
dicularto a common base line and at any distance apart. Set otf on each 
lengths proportional to the two resistances resj^ctively. Join the top of each 
line so set off with the base of the other line by a straight line, and from the 
point where these diagonals cross drop a perf)endicular on the common base 
line. The length of the last perpendicular will repiwent to scale the joint 
resistance of the two conductors. We leave the proof as an exercise to the 
student. (See TJie Electrician^ Vol. XXVII L, p. 167.) 
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divided into four squares, or a four-mesh network of conductors. Let the 
resistance of each branch, as dbj be unity. It is required to find the combined 
resistance between A and B. Number the meshes 2, 3, 4, 5 ; 1 being the 
added mesh formed by joining A B by a dotted line, making an additional 
fiifth mesh, the resistance of this additional ideal conductor being zero. Then 
the network determinant is 


4 

-1 -2 -1 0 

- 1 

4-1 0-1 

1 

CO 

-1 4-1.0 

1 

I-* 

0 

1 

M 

1 

0 

-1 0-1 4 


The dexter diagonal has for each element 4 — viz., the sum of the four 
resistances, each to unity, which form each mesh or cell. And all the other 
figures, say in the nth row, are the resistances (with minus sign prefixed) 
separating the [nth. mesh from all other meshes, zero being placed in the 
column corresponding to any mesh which has no common conductor or branch 
with this nth mesh. The order in which the columns stand and also the rows 
correspond to the order in which the meshes are numbered in Fig. 6. 



The numerical value of this determinant is easily found to be 288 = 3 x 96 = dn. 
Now if we take the first minor of its leading element, we get a determinant 
formed of the elements included in the dotted rectangle ; and taking this as a 
separate determinant and evaluating it, we have its value 
dn-i = 192=2x-96; 

hence the resistance of the network between the points A and B is 
dn 288 „ . 

One'] more simple numerical case may be taken and compared with the 
results of known methods. 

Let a hexagon of conduotors be taken (Fig. 7) having crossed diagonals all 
meeting in the centre. Let the resistance of each side, as ab, be unity, and 
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also let the resistance of each semidiagonal, as Oa, be unity. Then required 
the combined resistance of this network of 12 conductors between the points 
A and B diametrically opposite. Join the points A and B by a dotted line of 
•zero resistance, making an added mesh 1. Mark the other meshes 2, 3, 4, 5, 
6, 7. Then by forming the network equations it is easily seen that the net- 
work determinant is 

3 -1 -1 -1 0 0 0 

- 13 - 10-100 
-1-13-1000 
-1 0 -1 3 0 0 -1 

0-0003-10 
0 0 0 0 -1 3 -1 

0 0 0 -1 0 -1 3 \:=dn. 

The value of this determinant is 256. 

The first minor of the leading element of dn is dn-i 

= 3-10-100 

- 13-1000 

0-1 3 0 0-1 

-1 0 0 3 -1 0 ’ 

0 0 0 -1 3 -1 

00 - 10-13 

The value of this last ia 320. 

Hence the resistance of the network between the points A and B is 


dri-i 32u 5 
C D 



Fig. 8. 


We can easily verify this result in the above symmetrical case, for the 
hexagonal framework in Fig. 7 is traversed symmetrically by the current 
flowing tlmough it ; and hence no disturbance of the distribution of currents 
will take pliioe by separating it, as in Fig. 8. We break the connection 
between the semi-diagonal conductors a, b and the mean diagonal A B, whilst 
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keeping them in contact with each other, the resii^tance of each branch still 
remaining unity. It is then easily seen that the hexagon so arranged must 
offer exactly the same resistance between the points A and B as in its original 
form. 

The combined resistance of a, 6, and /, each equal to unity, between the points 
C D is f , and the combined resistance of this with e and g in series is 2-| ; and 
hence the total resi^tance of the whole network between A and B is equal to 
that of three conductors in multiple arc whose resistances are respectively 2|. 
2, and 2|, which is equal to 

1 _4 

i + i+i 

2i- 2 Zi 

the same result as obtained above. 

These numerical examples show conclusively that, in cases in which the 
resistance of a network can be obtained by simple direct methods, the results 
coincide, as should be the case, with those obtained by the employment of the 
general method ; but at the same time the general mechod is capable of 
conducting easily to a. solution in the most unsymmetrical cases. The general 
rule will, for instance, just as easily give the determinants when the selected 
points between which the resistance is required are not symmetrically placed, 
but are say adjacent angles of the hexagon, in which case no such simple 
direct method as employed above can be used. 

A little practice will enable the student to apply the above 
rules to very complicated cases of networks of conductors, and 
to calculate the resultant resistance between any two points 
of a network. 


§3. The Wheatstone-Kirchhoff Bridge. Slide Wire 
Form. — The arrangement or network of conductors called 
Wheatstone’s bridge has already been briefly explained in 
principle {see § 13, Chap. I.). It consists essentially of six 
conductors joining four points {see Fig. 59, Chap. L). In one 
of these circuits is placed a source of electromotive force, and 
in the other a galvanometer. In the laboratory the actual 
apparatus takes many different forms. In its most simple 
modification it is known usually in England as the slide 
wire bridge, or, as Continental writers call it, the Wheatstone- 
Kirchhoff bridge. In this form its most important portion 
is a uniform straight metallic wire of platinum-iridium alloy, 
platinum-silver alloy, manganiii (which must be surface-gilt), 
or platinoid. This wire is stretched over a scale between 


p 
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terminal blocks of copper, and may conveniently be one or 
two metres in length. The scale in contiguity to it may be 
either of boxwood, ebonite, or metal, and it should be divided 
into centimetres and millimetres. The slide wire must be very 
carefully selected, and its uniformity in electrical resistance per 
centimetre of length tested as described in § 5 of this chapter. 

In the construction of a high-class instrument it is desirable 
to employ a wire drawn of an alloy formed of 90 per cent, 
platinum and 10 per cent, iridium. This alloy is very hard 
and non-oxidisable by exposure to the air. An alloy of 
platinum-silver may also be adopted having a composition of 
66*6 per cent, silver and 33’3 per cent, platinum. 

In cheaper instruinents a German-silver or platinoid wire 
is generally used, but both these last alloys tarnish slightly 
when exposed to air. Manganin can be preserved from 
atmospheric action only by being gilt on the surface. The 
gilding must necessarily not be very thick, and in con- 
sequence is somewhat easily rubbed off the manganin. The 
extremities of the wire are screwed or clamped to massive 
terminal blocks of high-conductivity copper. 

If the wire is soldered to the terminals, care must be taken 
that the solder does not affect the composition of the alloy at 
the extreme ends of the wire. Thus, for instance, manganin 
should not be soldered with any solder containing zinc, and 
platinum alloys should not be soldered with any solder 
containing lead. 

The instrument must be provided with a travelling block or 
slider, such that an electrical contact may be made with the 
wire at any point by pressing a conbuit key. This contact 
must be made by a knife-edge, and it is desirable that the 
pressure of the finger should not apply the knife-edge directly 
to the slide wire, but merely ndease a spring. Thus, in 
Fig. 9, loio^ is a portion of the slide wire, and EE' is a part 
of the sliding block, K a knife-edge carried on the extremity 
of a spring Xy and P a finger-piece or trigger. A pressure 
applied to P will release the knife-edge and it to make 
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contact with the wire. It is easily seen that the pressure of 
the knife-edge on the wire is determined by the elasticity 
spring X carrying it, but not by the pressure of the linger 
on the finger-piece. The object of employing the above 
device is to prevent any undue pressure on the knife-edge 
causing “nicks” or deformations in the slide wire if contact is 
repeatedly made at one place on the wire. The knife-edge 
sliould consist of a piece of the same alloy used for the slide 
wire itself, carefully shaped to a wedge shape and soldered to 
a metallic carrier spring. The block holding the contact 
knife-edge should be capable of being traversed easily to and 
fro along the base-board in such a way that the knife-edge 
can make contact with the slide wire at any point in its 
length, and the exact position is observed and recorded by an 
indicating point, or vernier, moving over the divided scale. 



Fig. 9. 


The ** bridge ” arrangement is then completed, as shown in 
JFig, 10, in which the third and fourth arms of the bridge 
consist respectively of a variable standard resistance S and 
tlie resistance Ji to be measured, A battery, B, consisting 
of two or three dry cells, is connected to the ends of the slide 
wire, and a movable coil galvanometer, G, between the knife- 
edge on the slider Idock and the junction between the third 
and fourth arms. Keys Kj and K2 are inserted in the battery 
and galvanometer circuits respectively. The comparison 
resistance may best be a dial or series plug pattern resistance 
l>c>x. The resistance unplugged or inserted into the third arm 
of the bridge should be as nearly as possible equal to the 

i>2 
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resistance to be measured. Under these conditions, if the 
slider 0 is moved along the wire and trial contacts made with 
the knife-edge at various places, a point, C, will be found at 
which the galvanometer G indicates no current when the 
knife-edge contact is made. The ratio of the resistance being 
measured to that of the standard is then the same as that 
of the resistances or lengths of the two sections into which 
the knife-edge divides the slide wire. Hence, if S is the 
value of the standard in ohms and E that of the resistance 
being measured, and if P and Q are the resistances or the 



lengths of the uniform slide wire sections on the respectively 
adjacent sides of the bridge arrangement, we have, when the 
galvanometer current is zero, 

P:Q = E:S, 


If the electrical resistances of various lengths of the slide 
wire are exactly proportional to those lengths, if the total 
length of the slide wire is 1,000 millimetres, and the slide 
wire reading at the knife-edge contact when the bridge is 
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balanced is at x millimetres from one end of the wiie, then 
we have 

P : Q=a: : 1,000— (B, 

Hence E = S . 

\ 1 , 000 — xJ 

Accordingly, we can determine the value of the unknown 
resistance E in terms of the value of a known standard, S, 
and the ratio of the lengths of the two sections of the slide 
wire when the balance is obtained. 

§ 4. The Plu^ Pattern Resistance Bridge. — In practice it 
is generally much more convenient to employ a phig pattern 
Wheatstone bridge for the measurement of resistances. In 
this case the resistances which form the three arms of the 



Fig. 11. — Sectional View of Blocks, Bobbins and Coil in Series Pattern Plug 

Bridge. 

bridge are formed by adding in series the resistances of fixed 
coils of wire contained in a box. This addition is effected by 
the insertion of coned metallic plugs into holes bored out 
partly in one block of metal and partly in another adjacent 
one. 

The resistance coils may be arranged either in series or in 
parallel, and the plugs may be arranged so as to short-circuit 
coils or to interconnect the junction between any coil of the 
series and a common or omnibus bar alongside the coils. In 
Fig. 11 is shown the series system of short-circuiting arrange- 
ment of plugs and blocks interconnected by resistance coils. 
In this case we have a series of bobbins of insulated wire of 
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various resistances, and one or more coils can be short- 
circuited and cut out of series by the insertion of plugs 
between the metal interconnecting blocks. In. tlie second 
arrangement (Eig. 12) the coils are also arranged in series, but 
a junction can be effected between any interconnecting block 
and a parallel common or omnibus bar, so that the resistance 
between the bar and one end of the coil series can be varied 
by steps. In this Jatter case it is customary to employ a 
series of nine or ten coils of exactly equal value — say ten 
units, ten tens, or ten hundreds. The plug may be stepped 
along from hole to hole, and thus insert a resistance of one, 



t^vo, three, four, &c., units, tens, or hundreds of ohms between 
the end or terminal block and the common bar or block 
alongside. In some cases the blocks are arranged for this 
second pattern in a circle or dial (see Fig. 13), and in other 
cases in a row or rows {see Fig. 14) so connected that the 
resistances are joined in parallel and not in series, when one 
or more plugs are inserted. 

A “bridge” is constructed of a series of coils arranged so 
as to form the two routio arms of the bridge by having a 
terminal placed in some position in the series, and another 
series of resistances forming the measuring arm. These 
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resistances may be arranged as follows: In the so-called 
“ Post Office ” pattern of Wheatstone bridge the ratio arms 
are each formed of a series of coils of 1,000, 100, 10, and 1 ohms 



Arrangement of Bl<-‘ck8 and Coils in Dial Pattern Resistance Box. 

resistance arranged in the series fashion. The measuring arm 
is then made of a .series of coils (generally of 1, 2, 3, 4, 10, 20, 
30, 40, 100, 200, 300, 400, 1,000, 2,000, 3,000, 4,000 ohms in 
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FlO. 14. Arrangeineot of Hesistancea in a Oonduotirity Box. 

series) ; and terminals for the battery, galvanometer, and 
resistance to he measured, together with a contact key 
battery and one in the galvanometer circuit, are also added. 
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The block pieces are of brass, generally mounted on an ebonite 
slab, whichformsthe top of the box. The arrangement of circuits 
in a series coil bridge is shown in Pig. 16, and the external 
appearance in Fig. 15. The particular design illustrated is 
that of Messrs. Nalder Bros, and Co."^ 

In using this bridge the operator connects the resistance 
to be measured to the terminals marked L and L, the 
galvanometer to the terminals G- G, and a battery of 
three or four dry cells to the terminals B and B. He 
then removes one of the plugs from the one ratio arm 



Fig. 15. — Series Plug Pattei-n Wheatstone Bridge. 


series and one from the other ratio arm series. In so doing 
it is desirable to have some notion of the value of the 
resistance to be measured, and in general it is well, unless 
the unknown resistance is suspected to be very large or very 
small, to begin by a ratio of equality— that is, the two ratio 
arms are made 1 and 1, or 10 and 10, or 1,000 and 1,000 
ohms by removing the plugs from the holes marked 1, 10, or 
1,000 on each side. This done, the observer removes plugs 
from the other or measuring arm seri es until, on pressing first 
t * See The Electrician, Vol. XLL, ^ 
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the battery key and afterwards the galvanometer key, the 
galvanometer indicates no cuiTent. The bridge is then said 
to he balanced. It will generally happen that with integer 
value coils of the three arms it is not possible to secure 
a perfect or absolute balance. Per instance, if the ratio arms 
are 10 and 10 ohms, then with 230 ohms resistance un- 
plugged on the measuring arm, the galvanometer may show a 
small current in one direction through it, whereas with 231 
ohms unplugged the galvanometer may show a small deflec- 
tion in the opposite direction. 



Fici. I6.-“Armngem0»t of Circuits in Series Plug Pattern Wheatstone Bridge. 

A further approximation to the true value of the unknown 
rcHistanee may h«! obtained as follows : If the galvanometer 
is one rivalling by a mirror and scale, note the small 
steady .scale lUillcction of the galvanometer when the 
galvanometer and battery key are both held down and 
the lower of the two mea.suring arm resistances is 
unplugged. Thus, for instance, suppose that, with 230 ohms 
out in tlie intjaHuring arm, the steady scale deflection of 
the galvanometer is 10 millimetres to the left. This small 
ilellcction of the spot of light or indicating needle is propor- 
tional to the gnlvanouieter or bridge current under 'those 
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conditions. Suppose, then, that the measuring carm is made 
231 ohms and the galvanameter deflection is changed to 15 
scale divisions to the right. We may deduce the true value 
of the measuring arm resistance, which would exactly halance 
this unknown, resistance being measured, by a simple calcula- 
tion. Since a change of one unit in the measuring arm 
resistance changes the galvanonaeter deflection from +15 to 
— 10, it is clear that, since the whole scale deflection change 
is 25 divisions for the whole change from 230 to 23L ohms in 
the measuring arm resistance, a value of the measuring arm 

of 230+^ ohms, or of 230*4 ohms, would exactly balance 
2d 

the unknown resistance being measured. Hence, if the ratio 
arms are 10 and 10, the resistance being measured is 230*4 
ohms. The above-described method, called taking right and 
left galvanometer deflections, enables us to make an initial 
approximation to the value of the unknown resistance. 

When this is done a different ratio may be selected for the 
ratio arms. The ratio may, for instance, be made 10 to 1 by 
removing the plugs corresponding to 1,000 and 100 ohms in 
the two ratio arms. Balancing again, suppose we And that 
a value of 2,304 ohms unplugged out of the measuring arm 
makes a scale deflection of one division to the left, and with 
2,305 ohms unplugged in the measuring arm we obtain a scale 
deflection of two divisions to the right; then similar reasoning 
showsthat theexacthalancing resistance would be2, 304*33 ohms. 
Hence the resistance being measured is 230*433 ohms. 

In using a series pattern plug bridge the following pro*' 
cautions must not be neglected: — 

(i) The plugs when not in use should never he laid on the 
table,or be held in a hot hand, bat should be placed in the lid of 
the bridge box, which is generally lined with velvet or cloth. 

(ii) The greatest care should he taken to prevent the plugs 
becoming permanently soiled, oxidised, or amalgamated with 
mercury. If necessary to clean a plug, only a very careful 
application of the finest glass-paper should be made. , 
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(m.) In patting the plug into a hole, give it a slight tv/ist 
to make it seat itself accurately in the coned hole, and, if the 
box is a series plug pattern box, after each rearrangement of 
plugs go over the other plugs in the same manner again to 
see that there are no loose plugs. The plugs should, however, 
not he put into the holes so violently that there is risk of 
twisting off the heads in getting them out again. 

(m) The eboniteslab carrying the brass blocks should bekept 
carefully dusted, and the bridge when not in use should be put 
away in its box with all the plugs loosely placed in their holes. 

The advantage of the dial pattern of bridge (see Fig. 13) 
is that there is only one plug to each decimal series of coils. 

A resistance of 0 to 9 ohms is introduced into the measuring 
arm by merely moving the plug to the holes marked 0 to 
9 in the dial or group or row of blocks marked %Lnits. 
A resistance of 0 to 90 ohms or 0 to 900 ohms is intro- 
duced by placing a plug in one or other of the holes in the 
block group marked tens or hundreds^ and so on. 

: 111 using a dial pattern bridge to measure an unknown 

‘ resistance, set off tirst a ratio of 1 to 1 in the ratio arms, and 

then systematically increase the measuring arm resistance by 
! changing the unit plug ; then move the ten ohm plug, next the 

' hundred ohm plug, from hole to hole progressively until a 

/ resistance is found such that the galvanometer is deflected 

e way for the lower and the opposite way for the higher. 

Thus, suppose that with a ratio arm of 100 and 100 ohms we 
I find a resistance of 500 ohms in the balancing arm makes the 

I galvanometer needle fly to the left and 600 ohms makes it^fly 

' to the right, we may try next increasing regularly from 500 

! * to 600 by tens. If then we find left and right deflections for 

^ 550 and 560 ohms, we proceed to increase by units ; and when 

we find small left and right deflections for 553 and 554 ohms 
we adopt the deflectional method and unequal ratio arms 
already explained to determine the next decimal place or places. 

In measuring any inductive resistance it is essential to 
close the battery circuit of the hridg^^ before the galvanometer 
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circuit, in order to permit the currents in the various 
branches to become steady. This is achieved without thought 
by the employment of a double key (see Fig. 17), which closes 
first the battery circuit B B, and afterwards the galvanometer 
circuit 6 G. 

Ill making careful measurements it is necessary to apply a 
correction to the bridge reading for the temperature variation 
of its own coils, and also for any error there may be in the 
actual coil resistances. 

The possessor of a plug pattern bridge should not take for 
granted that it is correct, but should proceed to check its 
readings as follows: — A standard 1-ohm coil should be 
connected to the bridge, using very thick copper rods or 
strips of copper and mercury cups to make the connection. 



Fig. 17 .— Wheatstone Brklge Combined Battery and Galvanometer Key. 


The bridge reading should then be taken, using various ratio 
arms — say 1 to 1 ohm, 10 to 1 ohm, 1,000 to lOO ohms. If 
the bridge is properly adjusted each of these readings, when 
reduced, should give a value of unity for the known standard 
1-ohm re.sistaiice. The maker of the bridge generally marks 
on it the temperature at which it is correct in its readings, 
and he will always furnish the purchaser with a statement of 
the nature of the wire used for the coils and its temperature 
coefficient. Thus, if the bridge coils are made of platinum- 
silver wire, the temperature coefficient of which at about 
IST. is 0-026 per cent, per degree, and if the bridge is 
correct at 15°C., then it follows that, if the bridge coils at the 
moment of reading are at a temperature fC., the true value 
of one unit of the bridge reading is 1 +0*00026(^—15) ohms. 
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The real difficulty is the uncertainty as to the actual 
temperature of the wire of the bridge coils at the moment of 
measurement. A thermometer placed in the box containing 
the coils merely gives the temperature of the air round the 
coils, and if these have become internally heated by currents 
passing through them, the actual temperature of the wire 
may be, and probably is, very different from that of the air 
outside them. To avoid this uncertainty, it is necessary that 
bridges intended for very accurate work should be made up 
with manganiri wire properly aged, and that the coils of wire 
should be wound on brass or copper tubes merely having one 
layer of silk tape laid over it. The box containing all the 
coils should be filled with an insulating oil which can be kept 
stirred. In this manner it is possible to maintain the coils at 
a temperature near to that at which the manganin has a zero 
temperature coefficient, and at this temperature the coils 
should be adjusted to be correct. 

In the case of tlie measurements made in an electro- 
technical laboratory, it will not often happen that a degree of 
refinement is necessary in the resistance measurements which 
will make it worth while to apply the above correction for the 
temperature of the bridge coils. For very accurate work, 
however, it has been proposed to employ coils of bare wire 
wound on mica frames.* The coils after winding are annealed 
by passing a strong current through them. When in use they 
are kept immersed in a fluid insulating oil which is well 
stirred. 

We may conclude this section with a description of a 
standard form of Wheatstone bridge for very accurate 
resistance measurements which has been designed by Prof. 
H. L. Callendar and Mr. E. H. Griffiths.f 

* See Mr. F. W. Burstall, On the Uee of Bare Wire for Besistance Coils.” 
Proo. T?hys. Soc., Vol. XIV., p. 286. 

•j* The following paragraphs describing the Callendar and Griffiths bridge are 
taken by permission, verbal^ from a series of articles in The Electriemn for 
1898 by Mr. G. M. Clark, entitled “ On the Measurement of Temperature : 
an Application of the Measurement ef Resistance.” [The Electrician^ 
Vol. XXXYIII., p. 747.) 



222 MEASUREMENT OF ELECTRICAL RESISTANCE. 


A general view in its case is given in Fig. 18, and a view of 
the top of the box in Fig. 19. It will be seen that, besides a 


Fig 18. — Callendar ind Griffith’s ReRistaiice Bridge. 


set of coils, the box has a bridge wire in a-ddition. One arm 
of the bridge is formed by the resistance to be measured and 
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part of the bridge wire, the rest of the bridge wire and the 
necessary coils forming the other arm. As the back coils of 
the bridge are e( 3 [ual, a jpair of compensating leads (equal in 
resistance to those leading to the resistance to be tested) may 
also be introduced into this arm. It is therefore not 
necessary to make separate measurements for the leads. 
When the resistance to be tested is short-circuited, the bridge 
should be in balance with the contact at the centre of the 
bridge wire. Thus, by short-circuiting the bridge by the four 
connectors shown at the right of Fig. 18, the zero of the bridge 
can be readily tested at any time. 

The coils of the bridge are thirteen in number. Eleven of 
these form the ordinary working coils of the bridge. These 
are arranged on the binary scale. The smallest coil, marked 
A, has a resistance of 5 box units. The unit of the box is 
0*01 ohm. The other coils are respectively 10, 20, &c., of 
such units. The largest coil, L, is 5,120 units. Thus the 
whole resistance of the box is a little over 100 ohms. Since 
the back coils are equal, this is also the greatest resistance 
that can be measured with the box. The other two coils are 
marked respectively Cal. and <i6. The coil Cal. has a resistance 
of approximately the box unit, and is used in the calibration 
of the bridge wire. The coil ^ has a resistance of 100 box 
units, and is useful for the adjustment of platinum thermo- 
meters. For if these are constructed so that their funda- 
mental interval is 100 box units, then the calculation of the 
platinum teinperatiue is greatly simplified.* 

A movement of two centimetres on the bridge wire corres- 
ponds to the box unit. As it is easy to read this movement 
by means of a vernier to ^mm., the least count of the bridge 
is of the box unit, or O'OOOOl ohm. The contact 

maker seen on the bridge wire is of a special design to permit 
of this fine adjustment. It also, by its construction, renders 
injury to the bridge wire impossible. 

In calibrating the bridge wire all that is required is a rough 
adjustable resistance, whose value need not be known. Having 
adjusted this until the bridge is in balance with the slider at 
one end of the scale, the plug Cal. is removed and the slider 
moved until a fresh balance is obtained. The plug is then 
replaced and the external resistance adjusted until the balance 

* For^i=100(R~Ro)/Ri’-3ao: and F.L=Ri-llo = 100, then If 

the F. I. is not exactly 100, but differs only by a small quantity, then pt can 
be found by the usual methods of making small corrections. 
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is again attained at, or sufficiently near to, the same place' 
in the bridge wire, and the process is repeated until the whole 
bridge wire has been traversed. We have thus a series of 
steps on the bridge wire, each equal in resistance to one box 
unit. The length of these steps has been read off on the scale, 
so that if there are any errors in the scale, these have been 
introduced into the calibration, and are therefore of no 
consequence. 

In the calibration of the coils a somewhat similar process is 
followed. As each coil only differs from the sum of all that 
precede it by five box units, a balance obtained with any one 
coil can also be obtained with the preceding coils, together 
with a length of bridge wire. Thus every coil in the box 
can be readily determined in terms of the bridge wire. By 
using different combinations of coils to measure any resis- 
tance, there is a perpetual check on the calibration of the 
whole box. Any change which takes place in the value of 
any of the coils can be readily detected. It is, however, very 
improbable that much will take place. These coils are of 
naked platinum silver, and are wound on mica frames. By 
lifting the box out of its case all the coils can be seen, and are 
easily accessible. Coils so formed can be very thoroughly 
annealed by passing a strong current through them, siifficient 
to raise them to a red heat, after the coil has been wound. 
They are thus entirely free from all strain. The bare wire 
coils are immersed in a bath of non-volatile hydrocarbon oil 
of high insulating power. This oil can be stirred, and there is 
no doubt that the temperature indicated by a thermometer in 
the oil is also the temperature of the coils themselves. The 
temperature of the box can be rapidly raised or lowered if 
necessary ; and as the coils follow these changes, the tempera- 
ture coefficient of the coils can very readily be found. 

The hack coils of the bridge also consist of two naked 
platinum silver coils wound together on the same mica frame. 
There is thus no chance of the two being at different tempera- 
tures. A short length of wire on the top of the box joins the 
two ends of these coils, and on this length is the galvanometer 
contact. If the back coils are not equal the galvanometer 
contact can be adjusted till equality in the back arms is 
obtained. The galvanometer contact is a potential one only^ 
so that resistance through the contact is of no importance. 

The top of the box is formed of white marble. This has 
high insulating properties, and is not open to the same. 

Q 
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objections as ebonite. Separate brasses are used for each plug, 
so that the movement of one plug in no way affects the rest. 
Each block and plug is also marked with its distinguishing 
letter and value, so that in case of wear either can be refitted. 
As no part of the plug is wider than the top of the plug' liole, 
no shoulder can be worn on the taper, and the wear is reduced 
to a minimum. The contact resistance of these plugs is found 
to be very constant. When not in use, the plugs are placed 
in a spring rack lined with wash-leather, so that they are 
always kept thoroughly cleaned. 

The box case is constructed of a double copj)er box with 
asbestos lining between. Thus the inner surface of tliis must 
be at a very uniform temperature throughout. The top of the 
box is protected by a glass case similar to a balance case. TIu^ 



Fio. 20. 


front of this is made to slide up or down. This sm-vos the 
purpose not only of keeping the instrument free from dirt and 
dust, but also adds very consideraldy to the uniform distrilni- 
tion of temperature throughout tlie box. The termiinils am 
brouglit through the side of th(3 case. 

The bridge wire is connected in such a manner that its t.cni- 
sion is not affected by clmnges in temperature. The coefficient 
of expansion of platinum-silver is intermediate between tlait 
of steel and brass. The rectangular framework carrying the 
bridge wire has its two longer sides one of steel and tine citlier 
of brass. By placing the bridge wire in the correct })osition 
it will suffer no further strain, no matter what temperature 
changes it may be subjected to. Tliese bars furtlun* tend 
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to protect the bridge wire, so that there is but little danger of 
differences in temperature existing in the bridge wire. Along- 
side the bridge wire proper is stretched a second wire, on 
which the galvanometer contact is made. 

This contact is made through the contact maker, which is 
showm in section in Fig. 20 and in plan in Fig. 21. ABA is a 
brass framework, which slides between the steel and brass 
bars. A second block, FEE"H, is within the brass framework. 
Springs at A and A' press the brass frame against the steel 
bar, and springs at E and E' press the inner block against the 
brass bar. Thus if the screw S is turned the inner block is 
alone moved, for the pressure of the inner block against the 
brass bar is that of the springs at E and E' only, whereas the 



Pig. 21, 


pressure of the framework against the steel bar is that of the 
springs at A and A in addition. If the screw S is receded 
instead of advanced, then the inner block is made to follow it 
by long springs indicated by the dotted lines in Fig^ 21, The 
screw C clamps the bridge wire and galvanometer wire together 
on to a short length of wire W, as shown in section in Fig. 20. 
If it is desired to make a temporary connection only, then the 
block Gr must be pressed down. The spring MN releases the 
bridge wire from the contact wire. If by mischance the screw 
S is turned whilst the bridge wire is clamped by the screw C, 
then the outer framework ABA' alone moves, and it is thus 
impossible with this form of contact maker to scrape or in any 
way damage the bridge wire. At the same time a very sharply 
defined contact is obtained. 


q2 
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§5. Portable Forms of Wheatstone Bridge and Testing 
Sets. Trotter Bridge.— Instrarneat makers have devised 
numerous forms of portable slide-wire and plug bridges suitable 
for laboratory and outdoor work. For the details of these the 
trade circulars of the principal electrical instrument makers 
may be consulted. In most of these aiTangemeiits the galvano- 
meter is one with a movable nearly astatic double-magnetic 
needle carried on a jewelled centre. The vibrations of the 



Fig. 22. — Portable Form of Wheatstone Bridge. 


needle are arrested by a stop which raises the needle off its. 
steel centre-suspension point when the box lid enclosing the 
instrument is shut 

For rapid work, where great accuracy is not required, or- 
for obtaining a preliminary measurement of the resistance of 
a wire afterwards to be more accurately measured, some of 
these portable bridges are very useful. The resistances are 
thrown into circuit, not by removing plugs, which may be- 
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lost, but by a revolving contact arm making contact against 
fixed brass studs. The stud surfaces must be kept clean. 
These instruments are arranged either for measuring ordinary 
and low resistance or for high resistances such as insulation. 
(See Figs. 22 and 23.) In the latter case the battery is 
replaced by a small continuous-current magneto machine, 
giving a voltage of from 80 to 100 volts when the handle is 
quickly turned. 





igo 




Fig. 23. 


A form of portable slide-wire bridge has been developed 
by Messrs. A. P. Trotter and J. Swinbnrne out of a simpler 
form due to Major P. Cardew.* Two wires of nickel steel 
are stretched over a scale divided into equal parts. These 
wires are connected together at one end by a bar of 

negligible resistance. These wires a,re represented by the 

linesl) and a and r, d, o in Fig. 24. A length h is set off one 

end of one wire, and a l ength c is set off the end of th e 

* See The Electrician, Vol. XXXVIT., p. 691. 



2:;30 MEASUREMENT OF ELECTRICAL RESISTANCE. 

Other wire, so that the resistance of 5 is equal to that of c. 

' The scale extends over d and e, and the scale zero is at d. 

i: The resistance to be measured is represented by the coil x. 

■ A battery is joined in between the cross piece and the 

i junction a to x and a galvanometer between junctions & to a 

j and a slide which moves over the wire c, d, e and makes 

contact at any place. 
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Then it is obvious that, if the bridge is balanced so that 
the galvanometer shows no current, we have 

ct -j- J) X “j” “I" d “j” 0 
b c + c/ 

where the letters stand for the resistances of the segments of 
the two wires. If h = c and a = e+d, then the above ratio 

IS reduced to — 

h d 

J a+h 

or 0G = d . 

0 

Hence the length d on the slide wire is proportional to the 
resistance x if is a constant ratio. Accordingly, by 
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shifting the galvanometer con- 
tact on the wire a I, so as to 
give the ratio a/h any desired 
value, we can make the ratio 
a-^h/h what we please. 

When once this ratio is tixecl, 
the length of d, when the gal- 
vanometer balance is obtained, 
is proportional to x. Points may 
therefore be marked off on tlie 
wire a 5, so that tlic segments 
a and h have such values that 
a + hlh=:l or 10 or 100. If, 
then, the resistance per unit of 
length of the wire de is known, 
we have at once the value of x 
given. 

The Trotter bridge is made up 
in a portable form, as shown in 
Fig. 25. 

A \iseful implement to possess 
in an electrical laboratory is a 
pair of equal uiiifonii platinum- 
silver wires stretched parallel to 
each other over a pair of divided 
scales, both wires having contact 
sliders moving over them and 
terminal screws at each end of 
each wire. The platinum-silver 
v/ires may be replaced by plat- 
inoid or rnangariin. They should 
be about the size called No. 20 
S.W.Ct. a thick strip of copper 
should be provided for con- 
necting across corresponding ends 
of the two wires. 



Fig. 25.— Trotter 8 Resistance Bridge. 
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§ 6. Theory of the Wheatstone Bridge. — In connection with 
the use of the Wheatstone bridge for resistance measurement, 
we have to consider the best arrangement of the circuits so 
that with a given galvanometer and battery the sensitiveness 
of the arrangement may be a maximum. The six conductors 
joining the four points consist of two ratio arms or resistances, 
the standard of comparison or bdlancing arm, the resistance to 
be determined, and the galvanometer and battery circuits. 
These can be shown arranged symmetrically as in Fig. 26, 
instead of in lozenge form as in Tig. 27. 

Let the three meshes of the above network be supposed to be traversed by 
imaginary cycle currents x + y, and z, then the real current through the 
galvanometer circuit is x, and that through the battery circuit L z. Forming, 
by Maxwell’s rule, the cycle equations (see page 197), we have 

(R + G + P) (^TJ)-Gy -P^^O, 

(Q- + Q + S) y ~G(rr + y) ->Q g=0, 

(P + Q + B' 2 -R ix+y)-Q y = B, 

vvhere G and B are taken as the respective resistances of the battery and 
galvanometer branch, and E is the electromotive force of the battery. 
Rearranging these equations, we have 


-Pa;-(P + Q) 2 / + (P + Q + B)« = E . . . . (i.) 

(P+R + G»ir-i-(P + R)2/ -P2 = 0. . . . (ii.) 

- G CC+- (Q + S) 2/ -Q2=0 .... (hi.) 

Hence, solving these equations for x, we obtain 


E 


£r=- 


(P + R), 
(Q + S), 


-P 

•Q 


E (P S - R Q) 


-P , ~(P + Q), (I> + q + B)| 

(P + H+G), (P + R), -P 

_G , (Q + S), -Q 

where A stands for the determinant, in the denominator with the fi 
algebraic expression of which we are not for the moment c<-ncerned. 

P R 

Accordingly, if PS~RQ=0, that is, if the relation - = - holds good, then 

Q S 

the current through the galvanometer is zero ; the bridge is then said to be 
halcunced, and a:=0. The determinant A can be written out symmetrically 
into the expression 

A=BG(P4'Q + R+S) + B(Q+S)(P + R) + G(R + S)(P + Q) 

+ RS(P + Q)-bPQ(R + S) (iv.) 

The full expression for the current x through the galvanometer circuit of the 
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bridge, in terms of the electromotive force (E) of the battery and the 
resistances (P, Q, R, S, B, G) of the six branches, is therefore 
E(PS - RQ) 

The question then arises whether for given values of P, Q, R and S the current 
X through the galvanometer will be greater if the battery circuit is connected 
in between the junctions where (P and R) and (Q and S) meet and the 
galvanometer in between the junctions where (P and Q) and (R and S) meet, 
•or vice versa. 

If we consider the position of the galvanometer and battery exchanged— 
that is, if we write B instead of G and G instead of B in the above expression, 
(iv.), and call the result Ai, we have for the value of Ai - A the equations 
Ai-A = (G-B) {(Q + S) (P + R)-(R + S)(P + Q)} 
or Ai - A = (G - B) (S - P) (R - Q). 



which will make x a maximum, other arrangements remaining the same ; for 
if the balance is ne*»rly obtained, the galvanometer should show the greatest 
possible deflection for a small defection from the fulfilment of the relation 
PS = RQ. It will generally happen that the value of G, the galvanometer 
resistance, is greater than that of the battery B. 

Let us suppose the four resistances arranged in consecutive order of magni- 
tude are denoted by S, R, Q, P. That is, assume 
S>R R>Q Q>P, 
or else S<R R<Q Q<P ; 

then (S - P) and (R - Q) are both positive quantities or both negative ones, so 
that their product is always positive. Therefore, in the expression given 
above Ai-A = (G“B) (S - P) (R~Q). Ai — A must have the same sign a-. 
(G - B). Accordingly, if G is greater than B, Ai will be greater than A ; 
and hence x will be le-s in value when the galvanometer and battery have 
the positions shown in Fig. 28 than when they are exchanged. 
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We have therefore the following rule :— Assuming the galvanometer to have 
a greater resistance than the battery, the current through the galvanometer 
G, when it and the four resistances S, E, Q, P in order of magnitude are 
arranged so that the galvanometer is connected in between the junctions of 
the two greatest resistances S, R and the two hast resistance^ Q, P, is greater 
than when the battery occupies that position ; or the rule may be formulated 
in another manner, as follows : 

Of the two resistances^ that of the hattery and that of the galvanometer^ select 
that which is greater, and connect it to join the junction of the two greatest to 
that of the two least of the four resistances forming the arms oj the bridge. Let 
the remaining appliance occupy the conjugate position. 

Thus, for instance, if we have to measure a resistance of the order of say 50 
ohms, and we decide to adopt a ratio of 1,000 to 10 for the ratio arms of the 
bridge, then, when the balance is obtained, the resistance in the measuring 
irrn will be about 5 000 ohms. Suppose that in the quadrilateral of resistances 
we have two large and two small, as shown in Fig. 28. 



In this case the rule above given sliows that if the battery circuit B has a 
ower resistance than the galvanometer circuit G, then the galvanometer and 
battery should be connected as shown in Fig. 28. If, however, tlie battery 
has a higher resistance than the galvanometer, then their positions should be 
exchanged. 

If the equations (i.), (ii.) and (iii.) for x, y and s are solved for s instead of 
we obtain the value of the current through the battery circuit, and we find 
by the above methods the equation 

„ I (P + R+G), (P + R) I 

-G ,(Q + S)i 

where A has the same value as in (iv.). Hence the ratio of x to s, or current 
through galvanometer to current through battery, is 



(P + U). -P 


(Q + S), -Q 

2 

(P + E+G), (P + K) 


-G (Q + S) 


PS-~ QR 

G(P + Q-+R-i-S) + (P-{-R)(Q + S)' 
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It has been shown independently by Mr. Oliver Heaviside 
{Phil Mag., VoL XLY, 1873, p. 114) and by Mr. T. Gray 
{Phil Mag., VoL XII., 1881, p. 283), that if E is the resist- 
ance to be measured, and B and G, the battery and galva- 
nometer resistances, are fixed, the maximum sensitiveness 
is secured if the other resistances P, Q and S forming the 
bridge arms are selected so that 

Q2 = BG, S2=Eb|^, and P2 =Eg|^. 

(For the proof of the above formulae the reader is referred to 
“ Absolute Measurements in Electricity and Magnetism,” by 
Prof. A. Gray, Vol. L, p 332.) 

§ 7, The Matthiessen and Hockin Bridge. — We have 
already explained that the slide-wire bridge can be used so 
as to enable us to measure the difference in resistance between 
two coils and not their ratio. In this arrangement four coils 
are provided and connected with the bridge wire as shown 
in Fig. 29. 



We have, also, already proved {see page 149) that if the 
coils A and B are exchanged in position, the resistance of 
that length of the slide wire over which the slider contact 
has to be moved to find a second balancing position after the 
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coils are exchanged is equal to the difference in electrical 
resistance of the two coils. Tliis method of resistance com- 
parison is due to Prof. G. Carey Foster,^ and is invariably 
used when comparisons have to be made between coils of 
nearly equal value, one being a standard and the other a 
coil of which the resistance is required with reference to 
the standard. 

We have already also described some of thc3 mechanical 
devices for effecting quickly tlie interchange of the coils A 
and B. The simplest device for this purpose is to form a group 



of 12 mercury cups, x, y, . 9 /, y\ 1, % -h 4% T, 2\ 3', 4^ which may 
be made by holes bored out in a thi(',k maliogany slali. These 
mercury cups are connected, m shown in Fig. l)y copjier 
strips about half an inch wide and one-ciighth of an inch thick. 
These strips are prevented from toncdiing oiu! another wlnu’e 
they cross by slips of mica inserti»cl l)etwcain thcmi The 
coils to be compared «arc rnpresmitc^d by A and B, and these 
coils have their legs or terminal rods pLacjc!?! in inercnry cups 
X, y, y\ which can be coinioctecl by thick copper n-sliaiied 
rods with the other ctijis, bo that x in coinictctwl to 1, y to 3, 
* See Journal of the Bt>cnetj of Telegrapli Esiglnifew, May 8, 1872. 
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x' to 2', y' to 4', or else x to 2, y to 4, x' to 1', y’ to S'. The 
ends of the copper strips are connected up to a bridge wire 
and to two ratio arm coils R and S as shown. 

To obtain very accurate results, all the coils A, B, R and 
S must be placed in melting ice or in paraffin oil surrounded 
by melting ice, to keep them at a known and constant 
temperature. In the bottom of each mercury cup must be 
placed an amalgamated copper dish, against which the ends of 
the copper strips, fl-connectors, or coil terminals are placed. In 
the Author’s form of circular bridge (see page 152) the mercury 
cups are formed by .slipping pieces of indiarubber tube on to 
the ends of short cylinders of copper which are soldered to 
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the copper bars or strips (see Fig. 31). The ends of these 
cylinders being well amalgamated, the coil legs or comiectors 
are then well pressed down on them by weights or springs so 
that a good copper-to-copper contact is made between well 
amalgarnated true copper surfaces immersed in mercury. A 
joint^such as this offers an exceedingly small and constant 

resistance. 

The process of taking a reading is then as follows : Let A 
be a staudeird coil of known value at 0°0. After the coils 
have been kept immersed in ice for a sufficient time to ensure 
that in each the whole wire is all at the temperature of 
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melting ice, a bridge reading is taken by finding the balancing 
point of the slider on the wire. The position of the coils 
A and B is then exchanged and a second reading taken. The 
resistance of that part of the slide wire between the two 
positions of balance is equal to the difference between the 
resistances of the known resistance A and the unknown 
resistance B at 0°C. For if R and S are the values, 
of the resistances .of the ratio arm coils, and A and B 
the resistance of the coils the difference of which is 
desired, and if p is the resistance of the slide wire and 
connections at the side of A up to the point of contact of 
the slider, rvhilst W is the whole resistance of the slide wire 
and connections between A and B, we have the following 
relation between these resistances when the bridge is 
balanced : — 

S :R=A + p : B+W-p. 


Supposing, then, the coils A and B interchanged in position 
and that the reading p then becomes p', for a new position 
of balance ; then : — 

S:E=B + p':A+W-p'. 


Hence 


A+p _ B+p' 
B+W-p A+W-p' 


Therefore 


A+E+W _A+B+W 
B+W — p A-j-W — p 


Hence A— B=p' — p. 

Accordingly, the difference in the resistances of A and B 
becomes known when the slide wire is calibrated so that its 
resistance per centimetre or per scale division is discovered, 
and then, if A is a known resistance, the value of B is 
accurately determined. 

In the accurate comparison of standard coils or of unknown 
resistances with a standard resistance, the great difficulty is 
that of discovering the actual temperature of the wire 
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corresponding to a certain evaluation or measurement. The j| | 

passage of a current, however small, througli a wire heats it il 1 1| 

and changes its resistance ; hence the very accurate comparison 'j I i|j| 

of resistances is not easy to make unless the coils can be kept i| || 

immersed in crushed and melting ice for long periods of i; jj| 

time, or else can be placed in tanks containing a large j; | '’l! 

quantity of water or oil in a state of motion and at the I' i jl 

temperature of the air around them. !' i ii 

There are several methods by which this constancy of 
temperature can be secured. If the supply of water to the li ; jf 

laboratory is from a constant town supply, it will generally j ' 

be found that, if a current of this town water is kept flowing | : ||i| 

through a tank, after a time the temperature will be main- ■ 1 1| 

tained at a nearly constant value, or at least within narrow ij ! jp, 

limits. The coils to be compared can be both immersed in | i j| 

such a tank. Another way is to place both coils in a vessel 1 1 1| 

filled with an insulating oil, which is kept in motion by a ' ‘ i| 

paddle driven by an electromotor, or by blowing air through .i|| || 

it with a bellows, or by hand stirring. In any case the ,;|||| 

object must be to rapidly and thoroughly renew the layer of ||| || 

liquid in contact with the metallic case of the resistance coil ’ i[i |l 

or the wire itself, and it is only under these conditions that |r 

we can assume that a thermometer placed in the liquid will lij || 

give even an approximation to the true temperature of the |'l|i! 

wire. Then, after discovering the points of balance on the |il|| 

bridge, the coils should be left for some time, and when ■ i 

quite at the temperature of the bath should be once more rj *|i 

compared. |;| || 

For the very accurate comparison of standard resistances a 
special room should be set apart, and this room should ' || 

preferably be below ground, so as to be preserved nearly at a i,i 

constant temperature all the year round. FTo person should |l II 

be allowed in the room except the observer at the time the 
measurements are being made. If it is necessary to place ; j 

the galvanometer scale at a distance, it can be read by means | 

of a telescope suitably fixed near the observer. ’ 


I 
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§ 8. The Calibration of a Slide Wire.-— In tli(3 use ot a. 
standard wire bridge a preliminary operation is that of 
the calibration of the wire to determine the true resistance 
per centimetre length of the wire. The following method is 
the one which is most convenient : — Two resistances are 
provided of nearly equal value at the same temperature. These 
may be manganin wires, each having a resistance of 1 ohm 
and soldered to suitable terminal rods. These wires should 
be of sufficient diameter not to heat sensibly with the bridge 
currents. If they are not of exactly equal resistance, 
then one of them will be greater. Let two plug resistance 
boxes be provided, and let the terminals of these be connected 
to the ends of the 1-ohm wires, so tliat when a high 
resistance E is unplugged out of either box the resistance of 
the 1-ohm wire and this high resistance in parallel can be 
slightly varied. Thus, suppose the 1-ohm wire to have a 
value of exactly 1 ohm, and that we place in parallel with 
it a resistance of 2,000 ohms. The joint resistance of tlie 
two in parallel is 

1 2,000 __ 1 

1 I “2,001“”^ 2,00 L 
1 "^ 2,000 

or is diminished by nearly O*()00S of an ohm. Hence, by 
a series of trials we can adjust the parallel low and high 
resistances so that the combined resistances consi.sting of the 
two 1-ohm coils so shunted are of exactly equal resistance. 
The high resistance sliuiits must be adjusted until the two 
combined resistances are brought into a condition of equality 
as shown by the fact that when placed as coils A and ?> and 
exchanged on the bridge the balancing point on the slide wire 
is not changed. 

This being done, let the two equal combined resistances be 
furthermore made different by a known small amount by 
shunting one of them with a resistance say of 1,000 ohms. 
We have then two resistances winch differ by a known 
small resistance. For if each of the erpial combined 
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resistances is x ohms, the one shunted with 1,000 ohms is 
■ ^ ohms, andhence their difference is then ( a?— 

1,000+.^ V 1,000 +a?y 

ohms. Let these two groups of coils be connected to the 
Matthiesseri and Hockin bridge as the coils Aand B, and inter- 
changed in position, the balancing point on the slide wire a b 
(see Fig. 32) being found for each position. Let the distance 
between the two balancing positions be y centimetres of wire. 
We then know that the resistance of the length y of the slide 
wire lying between the two points of balance is ecjual to the 
known difference of resistance of the two coils- -viz., to 

(rc— ohms. The coils P and Q in the Matthiessen 
\ 1,000 -f-n/ 



and Hockin bridge are then to be replaced by a wire of 
platinoid a'V about equal in resistance to the resistance of 
each of the coils A and B taken together. This wire need not 
be specially selected for uniformity. It is preferably in the 
form of a slide wire stretched over a board with a divided 
scale beneath it, and having a sliding contact piece to make 
contact with any point in its length. 

The connections are then made as in Fig. 32, the ends of 
the galvanometer circuit being connected to the sliders on the 
wires. The observer begins by moving the contact G on the 
top slide wire until a place of balance, 1, is found on the bridge 
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slide wire al near as possible to one end of the bridge 
wire. Then he interchanges the coils A and B, and finds a 
new balancing position at 2. The resistance of the lengths 
between points 1 and 2 on the bridge slide wire is equal to j* 

the resistance A - B. Then he changes the coils A and B 
back to their original position, and moves the contact G- to & 
until a jDlace of balance is found at the same point 2 on the 
bridge slide wire. Again he interchanges A and B, and finds ^1 

a new place of balance at 3. The resistance of the length jl 

between 2 and 3 on the bridge slide wire is also equal to the 
resistance A-B. In this way, by changing alternately .the 
position of the coils and the point of contact G, we are able to i 

mark off the whole length of the bridge slide wire into little ■ 

intervals of length, 1 — 2, 2 — 3, 3 — 4, &c., each of equal 
electrical resistance. ■ 

We can then from these values construct a table, by using ^ 

proportional parts, which will give us very approximately the I 

true resistance of each centimetre in length of the slide wire, f 

.and thus give us the mean resistance per unit of length or 
centimetre of the slide wire. ^ 

This calculation should be checked by increasing the differ- i 

ence between the coils A and B by a known shunting resist- r 

ance, so that the difference A - B is just a little less than the f 

resistance of the whole slide wire. The constant application 
of corrections for inequality in the slide wire is, however, so i 

troublesome, that in building a standard Matthiessen and 
Hockin slide wire bridge it is worth while to take some pains 
to secure a wire of such uniformity in resistance per unit of 
length that the correction to be applied for inequality in 
resistance per centimetre is practically negligible. When the 
resistance of the wire has been thus determined, we can at 
once employ the bridge to measure the difference between a J 

standard resistance and a coil not differing from it by more 
than the whole resistance of the bridge wire, and this 7mthod 
of differences is more accurate for evaluating standard coils 
than is the method of ratios. i 
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In this manner, given a standard 1-ohm cod, a standard 
or known value lO-ohin coil, &c, the experimentalist can fix 
the exact value at a known temperature of other coils intended 
to represent 1 ohm, 10 ohms, &c. 

§ 9. To Determine the Temperature Coefficient of a 
Standard Resistance Coil.*~If the observer possesses a 
resistance coil- the value of which, in terms of some standard 
of reference, is known at a stated temperature, it is essential 
to determine the temioeraticre coefficient (T.C.), so that the true 
resistance of the coil may be known at any other temperature. 
In the case of the high-resistance alloys — platinum-silver, 
manganin, platinoid, &c., used in the construction of standard 
coils for ranges of temperature from about 0°O. to 25‘’C., it 
may be assumed that for all practical purposes the resistance 
(E,) of the coil or wire at any temperature fO. is related to 
its resistance (EJ at 0°C., in the manner expressed by the 
formula 

E<e=E^(l -b aif). 

In this case a is called the temperature coefficient. It is 
generally expressed as a percentage per degree Centigrade of 
the resistance at O^C. or at 15'’C. 

In the case of pure metals or alloys takeu over wider 
ranges ot temperature, the relation between the resistances at 
different temperatures is less simple, and can generally only 
be expressed in a graphical form by a curve of resistance in 
terms of temperature. If E is the value of the resistance ol 

the conductor at any temperature TC., then ^ is the rate of 

O/u 

1 dT^ 

change with temperature, and is the rate of change per 

unit of resistance at that temperature The value of the 

expression 4 may be taken as the temperature coefficient 
E dt 

corresponding to that temperature f C, It is usual to state 
the mean temperature coefficient between certain extreme 
temperatures. Thus, the mean temperature coefficient (mean 

k2 
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T.C.) between O^C, and 25°C. must be known for ever}’- 
standard coil possessed by the laboratory. Also its true 
resistance at 0“C. Its resistance at ^0. is then at once 
calculated by the expression 

E, = Eo(l + at). 

Generally speaking, instrument makers mark on a coil the 
temperature at which it has its nominal value. Thus, a 
1-ohm standard may be marked as correct at If^ 

then, the temperature coefihcient is known or given, the true 
resistance at any other temperature can be found provided it 
lies within the limits of practical constancy of the tempera- 
ture coefficient. 

The temperature coefficient of a standard coil is most easily 
determined as follows: — Select two coils of nearly equal value,, 
say A and B. Place both coils in crushed melting ice 
contained in any convenient vessel, and let the coils remain 
in this ice until it is practically certain all parts of the wire 
of the coil are at OT. Place these coils on a Matthiessen 
and Hockin bridge (which may conveniently be the Fleming 
or Nalder form of differential bridge), and take the difference 
between the resistance of these coils in terms of the resistance 
of the bridge wire unit. Thus, suppose at 0°C. we have 

Ap— B^=a; divisions of bridge wire. 

Next keep the coil B at O'^C., but immerse the coil A in tap 
water say at fG. or the service water temperature, and keep it 
there until it is practically certain all parts of the wire are 
at the same temperature. Then again take the difference in 
resistance of A and B on the bridge, and we have 

A,— B^=y divisions of bridge wire. 

Hence, by subtraction, 

Accordingly, A- — is the increment in bridge wire divisions 

If 

of the resistance of coil A for one degree Cent, between 0° and 
If p is the resistance of the bridge wire per unit of length, we 
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have the value of the temperature coefficient (a) of the coil 
A between O'C. and 15°C. given by the expression 

100 y~x 

'~rp- 


§ 10. To Determine the Wean Temperature Coefficieut of 
a Metallic Alloy in the Form of a Curre — The sample of 
the alloy should be drawn into a wire of uniform diameter 
and as far as possible of uniform resistance per unit of 
length. It is then re([uired to determine the mean tempera- 
ture coefficient of the material. This is effected in the 
following manner: — A. boxwood cyhnder of about 2in. (or 
5cin.) in diameter and Sin. in length has a deep and coai'se 



screw thread cut on it in the lathe. This screw chreaa ma 
have a pitch of six or eight turns per inch. The opposite 
sides of the cylinder should have deep gi-ooves cut in them 
and copper rods about f^iu. (or 4mm.) in diameter attached 
to the cylinder, as shown in Tig. 33. These rods may be 
slightly flattened where they lie against the wood cylinder, 
and be screwed to it. The rods are bent over, as shown in 
the diagram, to form electrodes. The alloy lanst be drawn 
into the form of a wire of diameter between No. 22 and 
No. 30 S.W.G., and must be wound loosely on the boxwood 
cylinder in the grooves. The ends of the wire must be 
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soiJered to the copper terminal rods. The cylinder is then 
to be immersed in a copper vessel containing paraffin oil 
enclosed in another vessel which contains water. The 
resistance coil is connected with the resistance bridge by 
means of thick stranded copper connecting leads. In the 
first instance the copper vessel of parafi&n oil may be 
immersed in crushed ice and kept there until the paraj0&n 
and the resistance wire immersed in it has a temperature of 
OT. as taken by a correct mercury thermometer. The 
resistance of the wire is then observed on the bridge by 
taking either its difference from, or ratio to, a known 
resistance. The resistance coil is conveniently connected to 
the bridge circuit by having its copper legs placed in 
mercury cups, which are in connection with the bridge by 
thick flexible leads of stranded copper. In order to eliminate 
the resistance of the leads a copper loop must be provided, the 
total length of which is equal to the total length of the two 
copper terminal rods of the coil, and it must be made of a 
sample of the same copper wire. This Hanky as it is called, is 
placed in the mercury cups and measured, and the difference 
in measurements taken when the resistance coil is in the 
caps and when the blank is in the cups is the resistance of 
the wire of the resistance coil. 

The measurements having been made at 0®C., the next step 
is to make them at a temperature as near as possible to 
100®C. For this purpose the outer jacket of the copper vessel 
is filled with water, which is made to boil. The paraflhn oil 
in the inner vessel must be kept well stirred and the tempera- 
ture taken by a correct mercury thermometer. The double 
readings are then obtained as before. Other readings may 
then be taken at intermediate temperatures. The chief diffi- 
culty in obtaining good results consists in ascertaining the 
true mean temperature of the wire at the moment when the 
resistance measurement is made. 

A very extensive series of measurements of the above kind 
were made by the Author in conjunction with Sir James Dewar 
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in 1893, using metals of known purity and alloys of ascer- 
tained composition. The measurements were made between 
— 200“C. and -(-200°C,, using boiling liquid oxygen to provide 
a temperature of — 182*5°C., a mixture of solid carbonic acid 
in ether to create a temperature of — 78-2®C., melting ice to 
give a temperature of C’C., and boiling water under a pres- 
sure of 760mm. to fix a temperature of lOO'^C. By this 
means a series of observations of resistances of the same 
metallic wire were taken at known temperatures, and the 
results set out in a series of curves. These curves show that 
the resistance of a wire of a pure metal steadily diminishes as 
the temperature falls in such a manner as to indicate that 
at or near the absolute zero of temperature ( — 273*^0.) the 
resistivity of the metal would in all probability be zero. In 
other words, it would become a perfect conductor. Values of 
the ordinates of these curves showing the volume resistivity 
of different metals at fixed temperatures between — 150°C. and 
-f 150°C, are given in Table V. at the end of this chapter. 

The curves of temperature resistance (temperatures being 
the abscissae) are in the case of some metals concave upwards 
and in other cases concave downwards. The curves of the 
magnetic metals iron and nickel are at first concave upwards 
and rise very rapidly. At a temperature very near to that at 
which the metals lose their marked magnetic qualities (the 
magnetic critical temperature) the temperature resistance 
curve has a point of inflexion and becomes concave down- 
wards. The temperature coefficient thereafter becomes 
greatly diminished. In the case of iron this change tem- 
perature is near 780*^0., and in the case of nickel near 340^0. 
The variation of resistance with temperature in the case of 
iron is therefore delineated by a curve notunlike its magnetisa- 
tion (see Tig. 34). 

The following table gives the values of the absolute volume 
resistivity of a certain specimen of annealed iron wire as 
observed by Dr. D. K. Morris.* The absolute vdume 

“ On the Magnetic Properties and Electrical Eesistance of Iron as Dependent 
upon Temperature.” D. K. Morris, Ph,D. Phil. Mag.^ Sept. 1897, p. 215. 
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resistivities {p) in C.G-.S. measure have been calculated foi 
exact centennial temperatures by interpolation from the 
observed values as given by Dr. Morris for numerous inter- 
mediate temperatures. The change in resistivity per degree 

in the neighbourhood of each century is also stated. 



0 200 400 600 800 1,000 1,100 

Temp, Centigrade. 

Fig. 34. — Temperature Kesistance Curve of Iron. 

The temperature coefficient at any temperature {t°) is obtained 
by dividing ^ at that temperature by the absolute resistivity 
(p,) corresponding to that temperature. 

Volume electrical resistivity of iron annealed at 1,150°. 
Magnetic critical te7n,perature=z’7*J^°Q. 
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Centigrade temperature Volume resistivity in 
• 0,G.S. units. 

0° 10,060 

100 16.527 

200 24,308 

300 34.537 

400 45,024 

600 57,416 

600 71,764 

766 100,026 

780 103,200 

800 .106,600 

900 116,342 

1.000 118,781 

1.100 120,666 


Change in resistivity 
per degree Centigrade. 
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The temperature coefficient at 0°G. is 0*0057, and it rises 
to a maximum value of 0*0204 at 765°C. and falls again to a 
value 0*00244 at 1,000^0. 

Observations on the specific heat of iron seem to show a 
remarkable similarity in variation to that of the resistance 
temperature coefficient. According to M. Pionchon, the 
specific heat of iron can be calculated for any temperature 
between 0°C. and 660°C. by the formula 

7 , = 0*1012 4 - 0 * 000050166 ^^+ 0 * 0000001642:2 
Hence we have the specific heat of iron at various 
temperatures as follows : — 


Temperaturf*. 

0°C. ... 



Specific heat'. 
... 0-1012 

ioo°c. ... 



... 0-1079 

200°C. ... 



... 0-1176 

300°C. ... 



... 0-1306 

400°C. ... 



... 0-1468 

500°C. ... 



... 0-1665 

6O0°C. ... 



... 0-1892 


Also it has been shown that the average specific heat of iron 
between 750“C. and 1,000°C. = 0*213, 
between 954“C. „ 1,006°C. = 0*218, and 
between 1,050°C. „ 1,200T. = 0*1988. 

If the above values are set out in a curve, we find that the 
specific heat of iron rises to a maximum and falls again in a 
very similar manner to the temperature resistivity coefficient. 
These remarkable changes in the temperature coefficient and 
in the form of the resistivity curve are doubtless connected 
with the changes in the internal energy which go on in iron 
at certain critical temperatures. 

Many attempts have been made to express the relation 
between temperature and electrical resistivity by an algebraic 
formula. Over moderate ranges of temperature for most 
metals an expression of the form 

pt=pXl+a^±^^% 
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where is the resistivity at TO., is the resistivity at 0°C., 
and a and p are constants, will suffice to approximately 
express the facts. 

It is, however, clear, from the form of the resistance 
temperature curve of iron given above, that no such simple 
formula will suffice over wide ranges of temperature or when 
including critical temperatures. 

In some other cases, such as that of the alloy manganin 
there is a well-marked mcuxinmim mlue of the resistivity 
corresponding to a certain temperature, and in certain 
specimens of bismuth a minimum value of the resistivity has 
been found for a particular temperature. This is the case 
also with graphitic carbon. Hence all simple algebraic 
expressions, expressing the value of resistivity in terms of 
temperature, can only be made conformable with the facts of 
observation over a certain range of temperature, and such 
expressions cannot safely be extrapolated to yield results 
lying beyond the limits of temperature for which the formula 
was originally constructed. 

When a pure metal is fused there are always rapid and 
generally large changes in the electrical resistivity in passing 
from the solid to the liquid condition. Thus, when solid 
mercury is heated up from — 200“C. to above +100“C. it 
melts at — 40‘’C., and just beyond that temperature its resis- 
tivity is increased nearly 4*1 times,* as shown in Fig. 35. 
The temperature coefficient whilst solid is not very different 
from that of other pure metals. 

In the case of pure platinum Mr. J. Hamilton Dickson, 
after discussing other formulse, showed-f- that the resistivity 
of pure platinum could be very well represented in terms of 
the centigrade temperature by an empirical equation of the 
form (E + a)2 = jp {t -f 6), 

* See Dewar and Fleming, On the Electrical Resistivity of Mercury at the 
Temperature of Liquid Air.” Proc. Roy. Soc., June, 1896, Vol. LX., p. 76. 
See also Cailletet and Bouty, Oomjptcs Rendus, 1886, Vol. C., p. 1188, who 
found the ratio to be 4*08 times. 

t “ On Platinum Temperatures,” by J. D. H. Dickson, M.A. PhU. Mag,, 
Dec., 1897, p. 446. 
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where R is the resistance at the temperature fG. and a, jp, 
and 6 are suitably selected constants. He has found, by 
comparison with actual observations made on a pure annealed 
platinum wire by Profs. Fleming and Dewar over a range of 
temperature of — 200'‘C. to +200°C., that a formula of the 
above kind can be made to express with considerable accuracy 
the variation in resistivity of platinum between the above 


- 283 ° - 200 ° - 100 ° 0 ° + 100 ° 



Temperature in Platinum Degrees. 

Fig, 35.— Temperature Resistance Curve of Mercury, 

limits of temperature. The formula will, be seen to be 
equivalent to the statement that the square of the resistance 
measured from an artificial zero is simply proportional to 
the temperature also measured from an artificial zero. In 
the case of the magnetic metals — ^iron, nickel, and cobalt, 
there are remarkable changes in resistivity at the temperatures 
at which the magnetic qualities are suddenly altered which 
prevent any empirical formula from adequately representing 
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the temperature change in resistance over ranges of tempera- 
ture which include these critical points.* 

§ 11. To Determine the Specific Resistance or the Resis- 
tivity of a Metal or Alloy.—The vohtme-resistivity of a 
material is defined to be the resistance of a cube of the 
material having a side of unit length, taken between opposed 
faces of the cube at a defined temperature. The usual mode 
of stating the resistivity of metals and alloys is in C.G.S. units 
or in microhms per centimetre-ciibe at 0°C. In the case of 
electrolytes or conducting liquids it is expressed in ohms 
per centimetre-cube at 18°C. In the case of materials of very 
high resistivity, commonly called insulators, it is usual to state 
the resistivity taken at 75"F. in megohms or in mega-megohms 
— that is, in mdlions of megohms per centimetre-cube. 

To determine the volume-resistivity of a sample of a metal 
or alloy, it is desirable to possess it in the form of a carefully 
drawn wire of uniform circular cross-section. Owing to the 
difficulty of determining the diameter of very fine wires, it is 
found more convenient to determine and define the resistivity 
of metals and alloys by the resistance in ohms per metre- 
gramme at 0°C. — that is to say, by stating the ohmic resistance 
at 0“C. of a wire of circular cross-section having a length of 
one metre and weighing one gramme. 


* For a discussion of the chief formulae which have been proposed to 
represent the variation in the electrical resistivity of metals, and especially 
platinum, with temperature, the reader may consult with advantage the 
following papers : — 

“ On Platinum Temperatures,” by J. D. Hamilton Dickson, PliU. Mag.. 
Dec., 1897. Also 

“IN’otes on Platinum Thermometry,” by H. L. Callendar, Phil. Maq., 
Feb., 1899, 

With regard to the temperature variation in resistance of magnetic metals, 
consult 

W. Kohlrausch, Wied. Ann., Vol. XXXIII., p. 42, 

J. Hopkinson, Ptoc. Koy. Soc., Vol. XLV., p. 457, 

Le Chatelier, Comptes Rendus, Vol. CX., p. 283, and 
D. K. Morris, Phil. Mag., Sept., 1897. 

For a record of very careful work on the variation of the resistance of metals 
with temperature, and the representation of results by a parabolic formula 
of the type 'RtlB>o=l’\-a±bt^, see Benoit, Gomptes Rendus, 1875, p. 342, 
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The relation between the resistance per centimetre-cube, 
called the vohime-resistivity, and the resistance per metre- 

gramme, called the mass-resistivity, is as follows ; 

Consider a wire of uniform circular cross-section of s square 
centimetres and of length I centimetres. Let the density of 
the material be d, its electrical volume-resistivity in C.G.S. units 
be p, and the total resistance of the wire be E ohms. Then 
we have 

S 

also Z5r?=:M, 

where M is the mass of the wire in grammes. 

Hence, if M=l, we have 

lsd=l, or5=:i 
Id 

Hence 

If the wire has a length of one metre or 100 cms. we have 
10'E=pdl0‘, orE=pA. 


Accordingly, if p is the mass-resistivity or resistance 
expressed in ohms, of a wire of circular section one metre 
long and weighing one gramme, we have 

^lOV 


, d 
p'=p^’ 


or p- 


IQd' 


If the mass-resistivity is expressed in microhms jper metre- 
gramme (=10VO» have the rule: Microhms jper metre- 
grarnmCy divided by ten times density, is equal to resistivity •per 
centimetre-cube in G.G.S. units. Also, if the volume-resistivity 
of the material, reckoned in microhms per centimetre-cube, is 
denoted by p” we have 

lfiQ0p"=p. 

Hence 100/=/^, or 

Accordingly, the resistivity of a uniform wire in ohms per 
metre-gramme is to the resistivity of the material in microhms 
per centimetre-cube as the density is to 100. Or, again, 
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since we have 



we see that the whme-resistivity 


can always be deduced from the mass^resistivity when we 
know the density of the material. 

The mass-resistivity per metre-gramme can always be 
obtained by measuring the resistance and .the mass of any 
uniform sectioned wire of which the length is known. If, as 
above, p' stands for the mass-resistivity in ohms per metre- 
gramme and p for the volume-resistivity per centimetre-cube, 
and if E is the resistance in ohms of any uniform sectioned 
wire of length I centimetres and mass M grammes, we then 
have 


iom=A=p 

s 


M 

M 



Also 


10V=A5--, orlOV=;ci. 

108E=10V^, orlO^E=/>'^. 

. . p _R 


Hence a determination of the length (Q,mass (M), density(ti), 
and resistance (E) of any wire enables us to find the mass- 
resistivity in ohms per metre-gramme (p') and the volume- 
resistivity in C.Gr.S. units per centimetre-cube (p) by the 
equations 


lO^ME 


(i) 


and 



(ii) 


Hence we have the following practical rules : — 

Given the resistance in ohms (R) of a uniform sectioned wire of length (i) 
in centimetres and mass (M) in grammes, calculate the mass-resistivity (o') in 
ohms per metre-gramme. 

Answer.— Multiply together 10,000 times the mass in grammes and the 
resistance in ohms, and divide the product by the square of the length in 
centimetres ; the quotient is the ohmic mass-resistivity per metre-gramme. 
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i'aamjpJe.— The resistance of a column of pure mercury 106-3 centimetres in 
length, and weighing 14-4521 grammes, is one ohm at 0°a ; find the mass- 
resistivity of mercury. 

Answer, — 12*789 ohms per metre-gramme at 0°C. 

Again, given the mass-resistivity in ohms per metre-gramme (p'); find the 
volume-resistivity (p) in C.Q.S. units per centimetre-cube. 

A Multiply the ohmic mass-resistivity by 100,000, and divide the 

product by the density (d). 

3xample.--Qi-ven that the density of mercury at 0°C. is 13-595; find 
the volume-resistivity in C.Q.S. units, knowing the masa-resisti-vity to be 
12*789 ohms per metre-gramme. 

Answer. — 94,070 C.Q.S. units per centimetre-cube at 0°C. 

To determine the resistivity of a metallic material in the 
form 'of a wire of uniform section, we must, therefore, find the 
total resistance, length, mass, and density of the wire. The 
density may be taken with appropriate samples on the whole 
wire. It is convenient to proceed in the following manner: — 
If the length and diameter of the wire furnished is such 
that the total resistance is not much less than one ohm, 
the wire may be laid in a flat circular coil the turns of which 
are prevented from touching each other by winding the wire 
on a suitable bobbin or frame. The ends of the wire must 
be soldered to thick copper terminal rods or leads by which it 
can be connected to the bridge. The wire must be immersed 
in a bath of paraffin oil kept continually stirred. The resist- 
ance of the wire is then carefully taken at several tempera- 
tures. It is best to take it at the temperature of the room 
and also at or near 0°C. by cooling the paraffin oil by ice. In 
this manner the temperature-coefficient becomes known. 

Having satisfactorily ascertained the resistance of the wire 
at known temperatures, it is cut off close to the thick 
terminal rods, and these are soldered together and the 
resistance of the leads determined in order that a correction 
may be applied for lead resistance. The length of the wire 
used has then to be determined. This must be done without 
in the least degree stretching the wire, and is best achieved 
by pressing the wire gently into a shallow groove made with 
a saw in the surface of a long board This groove holds the 
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wire straight and enables its length to be measured with an 
accurate metre scale. The length and resistance having 
been found, the wire may be cut up into sections and the 
density or specific gravity found in the usual way. If the 
wire is a fine wire it may be wound up into a sort of loose 
ball, and the specific gravity of the whole mass determined. 
The great difficulty which here occurs is that of the removal 
of all the air which is entangled in, or adherent to, the wire. 
The best way to proceed is as follows : — The hank of wire is 
suspended by a fine horse-hair from the beam of a delicate 
chemical balance and the weight taken. Let this weight be 
W grammes. The wire is then placed in distilled water and 
well boiled, and allowed to remain in the water whilst the 
water cools. The wire is then weighed again in the water 
without removing it from the water. Let the weight then be 

W 

W grammes. The density d is equal to If the 

wire is of such a material that it is chemically affected by 
being boiled in water at 100^0. the adherent air must be 
removed by gently heating the water and then placing it 
under the receiver of an air pump and exhausting the air from 
around it. The water will then boil under a reduced pressure 
at a much lower temperature. The presence of any air- 
bubble in contact with the wire when weighed in water will 
render the apparent density too small. In both weighings 
a correction must be applied by weighing the horse-hair 
suspension alone and deducting this from the weight of the 
mass. It is more difficult to get correct results the smaller 
the mass of the wire. Hence the mass of the material 
weighed should be as great as possible. The density d being 
obtained and the mass M of the wire in grammes used for the 
resistance measurement, as also the length I in centimetres, 
we have the means of determining the mean cross-section s of 
the wire for lsd=M., 



Hence 
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Ik the case of very fine circular-sectioned wires a close 
approximation can be made to the mean diameter of the 
wire by measuring with a microscope-micrometer the mean, 
diameter in a large number of different places and positions: 
and taking the mean of all these measurements. 


Having determined in one way or other the mean diameter' 
of the wire, we have the volume-resistivity p in C.G-.S. units, 
given by the ec^uation, 

s M 


or 


ME1Q9 
Pel ‘ 


Tables of the volume-resistivities of various metals and alloys; 
are given at the end of the present chapter. (See Tables I,. 
IL, III., IV., V. and YII.) 


§12. Determinations of Volume and Mass-Resistivity 
of Metals and Alloys. — Great labour has been expended on. 
the determination of the mass and volume-resistivity of 
metals and certain standard alloys. Considerable differences 
are, however, found in the values assigned by various 
authorities to the volume-resistivities at 0°C. of the various, 
metals. The reason for this is that exceedingly minute pro- 
portions of impurity or other metals have an immense effect 
upon the electrical resistivity. Some metals, such as iron, 
have probably never yet been obtained in an absolutely 
pure annealed condition. 

The work on this subject to which reference is most often 
made is that of Dr. A. Matthiessen, who published between 
1860 and 1864 the results of numerous researches on elec- 
trical conductivity recorded in the Philosophical Magazine^ 
in the Philosophical Transactiom of the Royal Society, and the 
Pep'>rts of the British Association for those years. 

For most electrical engineering purposes the constants of 
greatest importance are those of the mass and volume- 
resistivity of pure copper in its hard-drawn and annealed 
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conditions. Matthiessen’s value for the mass-resistivity of 
pure hard-drawn copper is called MatthiesserC s Standard. 

Matthiessen’s Standard is defined in the following state- 
ment* 

The resistance of a wire of 'pv/re hard-drawn copper ^ one 
metre long, weighing one gramme, is 0’1469 British Association 
units at 32 

Since the numerical value of a resistance measured in 
standard or international ohms is, by authoritative definition, 
equal to 0*9866 of the value of the same resistance stated in 
B.A. units, the above may be modernised into the following 
fundamental definition : — 

The resistance of a wire of pure hard-drawn copper, one metre 
long, and loeighing one gramme, is 0*144:93 standard ohms at 
'O^G. 

Since resistances are not conveniently determined at 
but better at 60^F. or 15*55^0., the definition has again been 
re-cast in form by the Committee on Copper Conductors 
appointed to consider this question of Copper Conductivity 
Standarclsf as follows : — 

Matthiessen^s standard for hard-drawn high-conductivity 
comonercial copper shall he considered to he a wire of pure 
hard-'drawn copper are metre long and weighing one gramme, 
whose resistarxe at 60°F. is 0*153858 standard ohms. 

Hard-drawn copper is defined as that which will not 
elongate more than 1 per cent, without fracture. 

The conversion from B.A. units at 32°F. to standard 
ohms at 60°F. is made by employing a formula given by 

* British Association Report, 1864, or Phil. Mag., Vol. XXIX., May, 1865, 
p. 362. 

t The Committee on Copper Conductors was organised in 1899 by writing 
to the General Post Office and the Institution of Electrical Engineers and 
inviting them to send delegates to meet the representatives of eight of the 
principal manufacturers of insulated copper cables to consider and come to an 
arrangement as to the standard to be adopted for Copper Conductivity. 
The sittings of the Committee were held in London. The Secretary was 
Mr. A. H. Howard. The recommendations of the Committee have been adopted 
by the General Post Office and the chief cable manufacturing companies. The 
Beporfc of the Committee is published in the Jov/mal, of the Institution of 
Electrical Engineers, January, 1900, p. 169. 
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Matthiessen for the temperature coefficient of copper, viz. : — 

P — ^32 

* 1-0-00215006 (2f-32) + 0-00000278 (^-32)2' 
and the rule : — 

Eesistance in B.A.U. X 0*9866=resistance in standard ohms. 
Hence, we have for hard-drawn copper wire the values below 
for the metre-gramme resistivity (p ) : — 

p' (at 32T.)=01469 B.A.U. 

p' (at 0°C.)=0*1449 standard ohms. 

p' (at 60T.)=0-1539 standard ohms. 

Matthiessen also measured the mass-resistivity of annealed 
copper in the form of wire. Annealed copper may exist in 
various states of annealing, and in this condition its resis- 
tivity is less by slightly variable amounts than in the 
hard-drawn condition. The resistivity of annealed copper 
was measured by Matthiessen at an earlier date {Phil. 
Trans. Eoy. Soc., 1860, p. 86), and he found that it showed 
a conductivity greater than that of hard-drawn copper 
by about 2*26 per cent, to 2*5 per cent. Although this is 
undoubtedly correct for carefully annealed copper, it is a 
result which cannot be obtained in practice with ordinary 
■commercial copper wire, as this latter is unannealed, or 
hardened somewhat by bending and winding in the process 
■of manufacturing it into covered wire. In practice it 
is found that the resistance of commercial annealed copper 
wire is about ()'9875, or \\ per cent, less than that of 
hard-drawn wire of the same length and section. 

Matthiessen, however, gave a later value for annealed 
•copper as follows : — 

The resistance of a wire of annealed copper one metre long 
.and weighing one gramme is 0T440 British Association 
units at 32'’F. 

In modern standard units the definition reads thus : — 

The resistance of a wire of annealed copper one metre long 
•and weighing one gramme is 0T421 standard ohms at 0°O. 

s2 
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The ratio of the numhers 0*1421 to 0*1449 is 0*98025. 

This value has accordingly been accepted by the Committee 
on Copper Conductors, and the ratio of the resistivity of soft 
or annealed to hard-drawn copper is tahen at the above 
value, so that 

The redstivity of _ 0*98025 x T^dstivity of pure 

jyure annealed copper hard-drawn copper. 

Hence the Committee have formulated the definition for the 
standard for soft or annealed copper as follows : — 

MattMesserd s standard for annealed high-conductivity com- 
mercial copper shall he considered to he a wire of pure annealed 
copper one metre long and weighing one gramme^ whose oxsist- 
anee at GO^F. is 0*150822 standard ohms. 

Employing the same temperature coefficient as for hard- 
drawn copper, we have the following values for the metre- 
gramme resistivity of annealed copper : — 

f (at 32T.)=0*1440 B.A.U. 

/)' (at 0“C.)=0*1421 standard ohms. 
f (at 60°F.) =0*1508 standard ohm's. 

It is to be noted that this standard for annealed copper is 
based upon an assumption as to the relative conductivities of 
hard and annealed copper. The figures given by Matthiessen 
for this ratio vary considerably in different Papers. See Phil. 
Trans., 1860, p. 86; Phil. Trans., 1864, p. 197; and Phil. 
Mag., May, 1865, p. 363; also The Electrician, Vol. XLV., 
p. 59. 

The next question with which we are concerned is the 
equivalents of the above numbers in volume-resistivity. The 
specific gravity of copper varies from 8*89 to 8*95, and the 
standard value which is now accepted for high-conductivity 
commercial copper is 8*912, corresponding to a weight of 
5551b. per cubic foot at 60°F. Hence, multiplying the values 
for the metre-gramme resistivity by 100 and then dividing 
hy 8*912, we have the corresponding volume-resistivities in 
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microhms per centimetre-cube- for pure commercial hard- 
drawn and pure annealed copper as follows : — 

The volume-resistimty of.piore hard’-drawn coy^er at 0°C. = 
1*626 onicT ohms per centimetre-cnbe, or 1,626 C.G.S. units. 

The rohmie-o'^esistivity of picre annealed copper at 0°C. = 
1*594 microhms per centimetre-cnhe, or 1,594 C.G.S. units. 

A table giving the resistances of annealed copper wire 
calculated on the basis of the above value is given at the end 
of this chapter. {See Table XIIL) 

The calculation of the resistivity at any othei? temperature 
{t) requires a knowledge of the temperature eoeffieient (T.O.j 
for copper. Matthiessen’s formula for the reduction of the 
resistivity at t^Y.{p^ to the resistivity (p^^) at 32®r. was: — 
/>32 f=a (1--0-00215006 (2f-32) + 0-00000278 {t-ZTf\ 
or approximately p£=:pQ (1 + 0*00387 t% if Centigrade temp. 

It is now known that this correcting factor is rather too 
small, owing to the improvement in the quality of copper 
made since Matthiessen’s time. Hence the Committee on 
Copper Conductors liave recommended that the average tem- 
perature coefficient between the temperatures SO^^F. andlOO^F. 
shall be that value obtained by Messrs. Clark, Forde and 
Taylor, as given in a pamphlet published by them on Feb- 
ruary 20th, 1899, vi;i., 0*00238 per degree Fahr., or 0*00428 per 
degree Centigrade^ so that for Centigrade temperatures we 
sliall have (1+0-004280, 

or P60F.=P32F.x 1*06665. 

Since the date when Matthiessen's work was carried out 
the most careful research carried out on the conductivity of 
ccqiper is' that by Mr. T. C. Fitzpatrick, described in a Paper 
read before the British Association at Leeds*!- in 1890, 
Mr. Fitzpatrick’s experiments on the conductivity of hard- 

* This is precisely the same mean value for the temperature coefficient of 
annealed copper as was independently obtained by Profs. Fleming and Dewar. 
See Phil. Mag.j Sept., 1893, p. 299. Messrs. Clark, Forde and Taylor s pamphlet 
is published by “ The Electrician ” Printing and Publishing Co. 

t See Report B.A., Leeds, 1890 ; Appendix III. to the Reports of the Com- 
mittee on Electrical Standards for 1890 ; also The Electricimif Vol, 25, p. 608 
1890. 
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drawn copper led him to confirm exactly Matthias b 
for the resistivity (per metre-gramme) of a wire of 
copper wire taken at 18^0., viz., 0*1571 ohms 
gramme. Also, he found substantially the same 
difference as Matthiessen did between the metir< 
resistance of a hard-drawn copper wire and that of 
wire when annealed and soft. 

Mr. Fitzpatrick found, as others have done, great 
in the specific gravity of copper, so that wires having’ 
mass-resistivity per metre-gramme do not give ^ 
volume-resistivity per centimetre-cube at the same tei^s 
Matthiessen therefore expressed all his results in jx% 
tivity, believing it to be more accurate and affording 
definition of the real conductivity. 

In addition to the determination of the conduo 
copper, Matthiessen carried out very elaborate resefi,'- 
the electrical conductivity of dijtferent metals aric. 
researches which are justly regarded as classical. -A-1 
times numerous other observers have obtained value? 
volume-resistivities of different metals and alloys. 

A table of resistances of platinoid and manganiii 
various sizes is given at the end of this chaptc* 
Tables XII. and XIII.) 

As regards the metals, with the exception of silver 
and mercury, and one or two others, such as tin 
obtained without much difficulty in a state of chemical 
it is found that the greatest differences exist betw* 
electric conductivities as found by different observers 
is due partly to the influence of minute proport 
impurity, and the all but impossibility of obtaining 
metals, such as iron, in a state of absolute chemical 
It is also due to differences in physical condition* 
in the case of platinum and nickel, which are cap 
being prepared almost, if not quite, perfectly ptr 
greatest differences are found in the values assign 
different observers to the electric conductivity. In the 
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at the end of this chapter are given Matthiessen’s results for 
the principal metals reduced to express them in terms of the 
standard ohm; also values obtained from a very extensive 
series of observations made in 1892 and 1893 by Fleming 
and Dewar.* {See Table Y.) 

In these last-mentioned researches great care was taken to 
obtain the metals in the highest state of chemical purity. 
These materials were drawn into uniform wires and the 
diameters of these wires measured by a micrometer method 
as described in the above-mentioned papers. Hence the 
measurement made was a volume-resistivity determination. 
The resistances of these various wires were measured over a 
range of temperature lying been -(-200^^0. and 200^0., this 
latter temperature being obtained by the use of liquid air. The 
temperatures were measured by means of a platinum thermo- 
meter. A table of densities {see Table L) of the principal 
metals is added to enable mass-resistivity to be converted to 
volume-resistivity. 

The differences which occur in the values assigned by 
different authors and experimentalists to the volume-resistivity 
of the various metals are in some cases very great. 

It appears as if, in some metals, very considerable pro- 
portions of impurity or changes in physical state make but 
little difference in the electric conductivity, whereas in the 
case of other metals very great differences are created in the 
electric conductivity by the presence of mere traces of other 
metals. Matthiessen showed that metallic alloys may be 
broadly divided into two classes : — 

(i.) Those in -which an admixture or alloy composed of them has a very oach 
higher resistivity than either or any of the constituents. To this class belong 
alloys of copper, silver, gold, aluminium, platinum, nickel and most other metals. 

(ii.) On the other hand, alloys which consist only of two or more of the 
following metals, viz., lead, tin, zinc, and cadmium, have a conductivity which 
is nearly the mean of those of their constituents, and may he roughly calcu- 
lated from the proportions in which the elements are mixed*! 

In the case of alloys of these last four metals (ii.), the resultant or mean 
conductivity G can he calculated by the formula 

Q Cil?! 4- C2^2 + &C. 

+ + ’ 

* See Phil, Mag.f Oct. 1892 and Sept. 1893. t Matthiessen, B.A. Report, 1864. 
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wHle C 1 C 2 , &c., are the specific conductivities of the constituents, and &c. 
are the volumes of the respective constituents. 

For alloys containing only two or more of the above-named metals, viz. 
zinCj lead, tin and cadmium, the mean density D of the alloy is also obtain- 
able from the densities did-i, &c., of the constituents, and their relative 
volumes viv^, &c., by a similar formula, viz. : 

Vi + Vi+kc. 

The alloys formed with metals of class (i.) with one another have a rnucii 
inferior conductivity to that of any of the components, but as the percentage 
of one component rises to 100 the conductivity of the alloy ris«s also very 
quickly to that of the pure metal. 

Alloys of metals taken partly from class (i.) and i)artly from class (ii.) have 
a specific gravity and conductivity which is always less than that of the mean. 
If a metal of class (ii.) is alloyed with a considerable percentage of a metal 
from class (i.) the conductivity is not much altered, but if a metal from 
class (i.) is alloyed with a very little of a metal from class (ii.) the conductivity 
is very much reduced. Hence we find an immense effect produced by the 
presence of a little zinc in reducing the conductivity of pure copper, or of 
lead in reducing that of pure silver. Accordingly large variations may be 
expected in the determinations of resistivity in the case of chemic illy- 
prepared metals which are not easily prepared pure. 

The reader may be referred to the following Papers and 
sources of information for additional knowledge on the subject 
of resistivity measurement : — 

<‘The Specific Eesistance of Pure Copper.’^ By Messrs. J. W. 
Swan and Ehodin. The Electrician, Vol. XXXIII., p. 303. 

As the mean of a number of determinations of the volume- resistivity made 
with hard-drawn and annealed copper the authors find the following values 
for the resistivity (po) at 0°C. in C.G.S. units and the temperature coefficient (a). 
Hard-drawn cojpj^er pQ = 1603 a = 0*00408. 

A nnealed copper p^ — 1565 a = 0*00416. 

The density of the copper at 15°C. was 8*96. 

' * The Electrical Conductivity of Aluminium/' By Messrs. J. W. 
Eichards and J. A. Thomson. The Electrician, Vol. XXXVIII., 

p. 801. 

The authors find tlie volume resistivity at 0 10 be as follows : — 

' Hard-drawn aluminium po=2684 

Annealed aluminium po=2f)59 

<‘The Electric Conductivity of Steels." By M. Campredon. 
The Electrician, Vol. XXVIII., p. 345. 

The author gives a useful table of the electric conductivity of steels of 
given composition. The resistance of a wire 1mm. diameter and 1 kilometre 
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long 15‘^C. "would be 21 obms if of copper and 125 ohms if of iron. The 
resistiTity of steel is lower in proportion as the purity and softness is greater. 
Manganese is the element which has the greatest effect in raising the 
resistivity. 

‘'The Electric Eesistance of Copper at Low Temperatures.” 
By Wroblewski. The Electrician^ Vol. XXI., p. 432. 

"Electric and Thermal Conductivity.” By H. F. Weber. 
The Electrician, Vol. VII., p. 6. 

A remarkable connection is established between the electrical conductivity 
(K), the thermal conductivity (H), and the specific heat per unit of volume 

(S). This relation is ~=a+ 5S, where a and h are constants. 

K. 

" Electric Conductivity and Atomic Volume.” By W. P. 
Granville. The Electrician, Vol. XXI., p. 381. 

An attempt to establish a relation between these quantities. 

" The Electrical Eesistivity of Silicon.” The Electrician, 
Vol XL., p. 580. 

" The Conductivity of Cement and Concrete.” By Dr. Sc. 
jindeck. The Electrician, Vol. XXXVL, p. 788. 

Useful data on the electrical conductivity of road-making materials. 

§ 13. Determination of Lo«r Resistances by Fall of 
Potential. — For the determination of very low resistances 
nuniy of the above-described bridge methods are not 
applicable. If it is desired to measure the resistance of a 
dynamo armature or transformer coil or short length of 
electric lighting cable, the uncertain resistance at the contacts 
of any conductors used in connecting the resistance to be 
measured to other circuits would perhaps be greater than 
the whole resistance to be measured. 

In the case of such low resistances one method which may 
be adopted is that of measuring the resistance by the fall of 
potential down it wdien a known current is sent through it. 
The resistance to be measured is joined in series with a known 
low resistance standard, say one-tenth or one-hundredth of an 
ohm. A suitable adjustable resistance is then added in series 
with the two above-mentioned resistances, and a few cells of 
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a primary or secondary battery are employed to send a 
current through the circuit The terminals of a high 
resistance galvanometei', or a galvanometer having a resist- 
ance of 1,000 or 2,000 ohms in series with it, are then, 
connected, first to the terminals of the known low resistance 
and next to the terminals of the unknown low resistance. 
In each case the galvanometer deflection is noted. It is- 
desirable to reduce the current in the circuit to such a value 
that neither of these galvanometer deflections is very large. 
The ratio of these scale deflections then gives us the ratio of 
the unknown to the known deflection, on the assumption,, 
which must previously be justified, that the deflections of the- 
galvanometer are proportional to the current flowing through it. 

The methods of testing the correctness of this assumption 
in the case of the galvanometer used will be given in the 
chapter on Current Measurement. Meanwhile, assuming it. 
to be the case, let G denote the gahcLnometer constant, or the* 
number by which the scale deflection of the galvanometer- 
must be multiplied to give the current in amperes flowing 
through it. Let be the galvanometer resistance, the 
resistance of the known standard, and R the resistance to- 
be determined. Also let be the potential difference (P.D.) 
between the terminals of the standard resistance, and V 
that between the ends of the unknown resistance. If, then,. 

and D are the galvanometer scale deflections in the two- 
cases, we have, by Ohm’s law, 

al.so^=GD„ and 


since the current in the main circuit is everywhere the same.. 
Hence, from the above equations, 


]D_R 
D, EV 


or E=It. 


Accordingly, the value of the resistance being measured is- 
given as the product of the value of the standard resistance- 
( 14 ) and the ratio of the two scale deflections D and D«. 
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In practically measuring, for instance, the resistance of a 
dynamo armature, we must first give a rough guess at the 
probable order of the resistance. Let it be ascertained to be 
something of the order of O’Ol of an ohm. We should 
then select as a standard resistance a resistance strip 
having a resistance of 0*01 ohm. This may be a suitable 
strip or strand of manganin or platinoid. The strip is then 
joined in series with the armature by connecting it to the 
brushes or terminals, and a few dry cells may be employed to 
send a current through the circuit. The ends of a pair of 
wires are then connected to the terminals of the standard 
resistance strip, and a pair to the terminals of the armature. 
These last ir ay preferably be pressed into contact with opposite 
sections of the commutator by being placed under the brushes, 
if the armature being measured is a continuous-current 
armature. The other ends of these wires are conveniently 
brought to a set of six mercury cups mounted on a board, 
so that, by changing the position of a pair of copper bridge 
pieces, either of the potential wires can quickly be brought 
into connection with the galvanometer. 

It is necessary to make both the measurements quickly 
after one another, and to ascertain that the main current 
has not altered in the meantime. It is best, therefore, to 
take several readings of the values of D and D, alternately. 
If, say, D is taken first, and we find a value arid then I), 
is taken, and after an equal interval D is taken again, and 
we find a value 132^ the scale reading which must be taken 
for D is half the sum of Di and 132, or its mean value, and it 
may be assumed that this is the proper value corresponding 
to In any case, a large number of such readings should 
be taken and the value ultimately accepted, for the ratio of 
D : should be the mean of a large number of observations. 

An essential condition of success in this method is that the 
galvanometer circuit shall be so high that its connection as a 
shunt on one of the low resistances does not sensibly alter 
the potential diflFerence of the terminals of the latter. 
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§ 15. Measurement of Low Resistances by the Matthiea- 
sen and Hockin Bridge. — ^We may employ the slide wire 
bridge with a carefully calibrated or uniform slide wire to 
compare together two resistances which are ^rnall, one of 
them having a known value. Let the resistances be arranged 
in bridge form as in Lig. 36. 

Let PE be the slide wire extended electrically by the 
resistance coils A and 0, and let a battery of a few dry 
cells be joined up to points x and y. Let ah and ccl 1)6 
the low resistances to be compared joined in so as to complete 
the four arms of the bridge. Let G be a galvanometer of high 
or not very low resistance but great sensitiveness, and let 


B 



contact keys be inserted in the galvanometer and batter} 

circuits. The following operations are then i)erformed : 

Connect the galvanometer G in between the sliding contact 
•on the bridge wire and the point a. Find a point on 
the slide wire such that the galvanometer shows no current 
Then we have 


(i.) 


xa 


and hence “ = 

O+Q^Ji xy A+C + rii 


where xa stands for the resistance of the conductor between 
points X and a, and A stands for the resistance of the 
conductors between the points x and P, and so forth for the 
other points. 

We then connect the galvanometer in between points h and 
the slider, and find a second position of the slider at which the 
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galvanometer indicates no current. Similarly we have, 

(ii.) ^ ^here W= A + C + PK. 

xy W 

Hence from (i.) and (ii.) we find 

al=xl—xa:= ^(Q.Qa). 

Also in the same way we find 

cd^^iQsQ,) 

where Q3Q4 are the balancing positions on the slide wire 
when the galvanometer is connected to the points c and d 
respectively. 

Accordingly, we find the ratio of ah to cd to he 

cth Q1Q2 

cd Q3Q4 

In other words, assuming the uniformity of the slide wire, 
we have 

The resistance between ab 
The resistance between cd 

The length of the slide wire between Q'^ and Q;^ 
The length of the slide wire between Q3 and Q-^ 

It may so happen that the resistances A and 0 will have’ 
to be changed between the readings, so as to make all the- 
balancing positions come on the slide wire. If in the case- 
of the four readings of the resistance A takes the values 
A2, As and A4, and the same for the resistance C, then, pro- 
vided Aj^+Ci=A 2+C2, the four equations will take the form 

Ai + PQ i A; ^ +PQ i 

ay Ci+Qj^E’ xy Ai+Cj+PB' 

(a,-a,+qa),. 


I 

; 

i 


where W, as before, is the constant resistance Ai+Oj + P'R. 
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In the same way we can find that 

cdj == “ (A^— ' Aa + QsQJ* 


Hence, 


dih A2 — A^ + QxQa 
cd A4 — A3 + Q3Q4 


If Ai = A2 = A3 = A4, the last equation reduces as before to 


^^_ QiQ2 
ccL Q3Q4 

If, then, ccl is a known low resistance, we obtain the value 
•of ab in terms of ccl and the ratio of two lengths of a uniform 
slide wire. 

The accuracy of the above method is not dependent upon 
the absence of any variation of the battery current. It can 
be carried out with the current supplied from public supply 
circuits if necessary.^ 


§15, The Kelyin Double Bridge. — The Kelvin double 
bridge is an arrangement of nine conductors' joining six 
points and having a source of electromotive force in one 
branch and a galvanometer in another. 

Let P, Q, E, S, B, Gr, a, 5 , c (Fig. 37 ) be the nine conductors, 
B being the battery branch and Gr the galvanometer branch. 
Let the above letters stand for the respective resistances of these 
branches. It will be seen that if the conductor c is cut at any 
point X the arrangement then becomes a simple Wheatstone’s 
bridge. It is always possible to find some point x in the con- 
ductor c dividing c into two segments, a and such that the 
• point X and the two points and all at the same potential 

When this is the case we must have the relation ^ ? For 


* The above method was reproduced ia Tke Electricum, July 1, 1898 
Vol. XLI., p 320, as a new method due to Messrs. Muller and Wallau. It 
was, however, described many years previously in MaxwelFs Treatise on 
Electricity and Magnetism,” and is due to Messrs. Matthiessen and Hockin. 
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under the above conditions, the current along the conductor a 
must be the same as the current along h. Also, for the same 
reason, we must have the relation 

1 


P+ 


E 

S' 


1+1 
a a 


Q- 


1+1 
/? 5 


Or, since a+^=c, the above becomes 


P 


+- 


E 

S' 


n 


a+Zi 


Q+ 


c 


If, then, we make ff+5=c, we have 

V+- 
E 2 

^ Q+l 



Fig. 37.-— Diagram of Kelvin Bridge. 


Under this last condition the Kelvin bridge becomes 
modified into a form called the Thomson (Kelvin) andVarley 
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slide. This latter instrument may be described in principle 
as follows : — 

Let two slide wires XY, XY' (Fig. 38) be stretched over 
scales parallel to one another. Let a battery B be attached 
to the terminals of one slide wire, XY, so as to create a fall 
of potential down it. Along the wire XY a slider is arranged 
to move having double contact edges, so as to make contact 
at two places, nn' on XY, separated by a constant resistance 
or length of slide wire, nn'. Let the resistance from X to 
be P, that from Y to n’ be Q, and let nn' be e. The second 
slide wire X'Y' must have a resistance equal to a+&=c, and 



Fig. 38.— Diagram showing arrangement of Conductors in Kelvin and Varley 

Slide. 


it has a slider m, running on it and making contact at any 
point, and thus dividing it into two sections a and h. A pair 
of adjustable resistances E, and S, are connected to the points 
X and Y,'and from their common junction, t, a galvanometer 
having a resistance G is connected in between the slider m 
and t. The double contact slider nn' has its contacts con- 
nected to the ends of the wire X'Y'. 

In Fig. 38, showing the diagi-am of the above arrangemenl 
of circuits, the letters denoting resistances are the same as 
those used in Fig. 37, showing diagrammatically the form of 
the Kelvin bridge. 
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In the laboratory the practical form of this double' 
bridge is known as the Kehin and VarUy slide. In this 
instrument (shown in Fig. 39) the slide wire XY consists of 
101 coils of wire in series, each of 1,000 ohms. The common 
junctions of these coils are brought to terminal pins on the 
top board of the instrument, which is generally an ebonite 
slab. The wire X'Y' is represented by a similar series of 
100 coils of 20 ohms eaqh so that the whole resistance of 
X'Y' = 2,000 ohms = that of two coils of XY. The double 
contact piece, nn is represented by a double branched 
revolving arm which as it moves round makes contact with 



a pair of studs including between them two of the 1,000 ohm 
coils in series. This interval of 2,000 ohms corresponds with 
the resistance c in the diagrams. 

The resistances to be compared are the E and S in the 
diagrams, and these are represented in practice by a plug 
resistance box and the unknown resistance to be determined. 
The revolving contact arms of the two resistance boxes, which 
represent the wires XY and X'Y' are then moved round 
to touch the various contact pins until positions are found 
where the galvanometer connected in circuit as indicated 
shows no current. 


T 
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If It is the unknown resistance and S is the standard or 
resistance of the plug box, we have 


R 

S 


Q+l 


If the point n is indicated by a scale reading on the first 

box and the point m by a scale reading 112 OQ second box 

we have P= 1,000 ohms, 

and a= 20 N 2 ohms. 


Also, we have Q = 1,000 (99 - Nj), 
■and 20 (100-N2). 


Accordingly P + 1 = 1,000 111+ 10 K 2 , 

and Q + 1 = 1,000 (99 - Ni) + 10 (1 00 - N,) 

' = 100,000 - ( 1 .000 + 10 N 2 ) ; 

E 1,000 Ni+10 Na 

S “ 100,000 - (1,000 Ni + 10 Na) 



The theory of the Kelvin bridge is as follows : Referring again to Fig. 37, 
it is easy to show that the absence of a current in the galvanometer circuit 
necessitates a certain relation between the values of the various resistances, 
j^^sign letters « + y, y, and w to denote the imaginary cycle currents in the 
meshes of the bridge arrangement (see Fig. 40) and consider the network so 
formed of the nine conductors. 
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Let imaginary currents x-^y and y circulate clockwise round the circuits 
bounded by the resistances R, G, P, a and G, 6, Q, S. Then the actual current 
through the galvanometer is x. Form, as before described, the cycle equations 
by the method of Maxwell, and we have 

(B + P + Q + c)itf ~ Qa5 - Py - C2= E 

(G 4 -S + Q + 6 )j 3 +y- - 62=0 

(G + R + P + a)y - Qa; + y - Pto— as =0 
(a4-6 + c)s -^ic-hy-ay— cw=0. 

Re-arranging terms, we have the four equations in «, 7/, s, w as follows : — 

- Qas~(P + Q)3/~cs+(P + Q + Bi'C)io=E 

(G + S + Q -f + (S + Q -f 6)2/ — 62 — Q'w= 0 

- Ga;“j-(R + P + a)7/-a2— P74J=0 

- ia:-(a + &)y + (ad- 6 + 0)2- cw— 0 . 

The solution for x (the galvanometer current) is then 


.E 

“D 


(S + Q + 6), -6, 

-Q 

(R + P + a), — a, 

-P 

- (a + 6), (a + 6 + c), 

— c 


where D in the denominator is a determinant whose value does not concern us. 
The above equation writes out into 


(B = ® {(a + 6 H- 0) (RQ - SP) + c (R6 - So.)} • 


Hence the condition that the galvanometer shall show no current, or that x 
shall be zero, is that the relations RQ=SP and R 5 =Sa must simultaneously 
hold good. If, however, c is a very small resistance, then the galvanometer 
current will be very nearly zero if RQ = SP, even though R6 is not quite equal 
to Sft. 

Accordingly, in the Kelvin double bridge we have a double relation which 
must hold good in order that the bridge may be balanced. We must have 

^ = B* as a relation between the resistances P, C^, R and S, and also 5 = 

S S 


Q 


a 

' 


relation between the resistances a, 6, R and S. 


§ 16 . Modifications of the Kelvin Double Bridge for Lovr 
Resistance Measurement. Practical Forms.-— The Kelvin 
double bridge can be arranged so as to be a convenient instru- 
ment for measuring low resistances, such as lengths of electric 
arc light carbons or short lengths of copper cable. One form 
which it then takes is as follows : — 

The resistance to be measured is clamped in between 
massive clamps, Ci C2, fixed on a board, and contact knife 
edges, ^2, arranged to press against it, intercepting any 
required length of the conductor. A slide wire, Ai Aq, is 
fastened to the same board, and on it move two sliders, 

T 2 
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one or both of which are movable, which can make contact 
with the wire at any position. In the centre of the board 
are two ping resistance boxes of series pattern, having re- 
sistances 10, 10, 100, 1,000 ohms each, and each provided 
with two plugs. The galvanometer G* and battery B (which 
should be a couple of storage cells) are connected in as shown, 
The resistances in ."Fig 41 are lettered to correspond with 
those in Tig. 37. 

In the first place, the plugs are inserted so as to make the 
resistances E and S in the same ratio as a to 6, viz., either 
10 : 10, 10 : 100, or 10 : 1,000. The sliders and are then 
moved until the galvanometer shows no current. Calling the 



ratio of E : S^a :d = rh,we then have P = Q?^. If the slide 
wire has been calibrated so that its resistance per centimetre 
of length is known, we have at once the resistance of P in 
terms of a certain length of slide wire, v^. 

Another form of the Kelvin bridge adapted for the purpose 
of low resistance measurement has been devised by Mr. J. H. 
Keeves.^ In this apparatus A and E (se& Pig. 42) are two 
massive pieces of copper, which can be joined by a plug 
when desired. To one is connected the wire or bar EFGrH of 
which the resistance is to he determined, and to the other a 


*See Ttoo. Phy*?. Soc, Lond., Vol. XIV., p. 166. 
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X and y so that the galvanometer shows no current. When 
this is the case we have again 

If the wire under test is a copper wire, then we know from 
the tables of wire resistances approximately the resistance of 
one metre length of it. Calling this resistance we choose 
as the value of the resistance unplugged out of the box 

represented by x, so that If y is made 1,000 ohms, and 


if.=0-01ohm,wehavej|L=^. 

Removing the plug and making the bridge an ordinary 
one we find a position of the slider so that the slide wire is 
divided into sections a and and when the balance is obtained 


or 


g+Ei _ _ El 

h-\-r y 

~ ^ ? approximately, 


where E is the true resistance of the wire between L and N. 

Eext, inserting the plug P and passing a stronger current 
from the battery, we find a new balancing position by altering 

to X 2 but keeping a and I the same. Then, since 

& T 

nearly, we have 

— = or E = ^ r very nearly. 
r y y 

In any case the value of E so obtained is much nearer to the 
true value of the resistance of the metre length of the wire 
than E^. 

If the value of is not very different from the value 
may be taken as the true value of E, but if differs 

y 

considerably from then we must begin over again, and 
en^loying as the resistance in branch x, obtain a new 
position of the slider and new values for a and h. 
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In carrying out the test the battery employed should be 
such that a small current can be sent from it when the bridge 
is being employed as a simple bridge, but a much larger current 
when as a double bridge. This is best achieved by employing 
a couple of secondary cells in series with a resistance which 
can be more or less short circuited as required. This 
resistance may be a simple length of platinoid wire with 
terminals at each end so arranged that the resistance can 
be short-circuited by bringing the ends together. 

The above method enables us to measure with great ease 
and accuracy the resistance of a metre length of ordinary 
copper wire of, say, No. 16 S.W.G., and deduce the volume 
or mass-resistivity from the observations. It is, therefore, of 
great utility when only a short sample of bare wire is obtain- 
able. It may be employed also to measure the resistance of 
short lengths of strand copper cable or copper rod. The 
sensibility of the method is that an accuracy of 0*1 per 
cent, can be obtained, or, in other words, by this means the 
resistance of a yard or two of bare copper wire of No. 16 or 
No. 14 S.W.G. can be as accurately measured as a resistance 
of the order of an ohm or more can be measured on the 
ordinary plug form of Wheatstone’s bridge. 

§17. Modifications of the Ordinary Wheatstone’s Bridge 
for Low Resistance Measurement. — A simple yet effective 
bridge arrangement for measuring low resistances is that 
devised by Mr. li. H. Housman.* The principle of the 
method consists in making an ordinary bridge measurement 
in two stages in such a manner that the value of a low 
resistance standard of 0*001 or even 0*0001 of an ohm can 
be compared with a standard one-ohm resistance with an 
accuracy of about one-tenth per cent. This test can be 
carried out with an ordinary plug Wheatstone’s bridge, 
using with it a movable coil mirror galvanometer of fairly 
high sensibility, say, giving a scale detiection of 1mm. at a 
* See The EUctriciariy Vol. XL., p. 300, December 24 1897 
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metre distance per microvolt at the galvanometer terminals. 
The method requires the possession of a one-ohm standard 
resistance, which will carry safely a current of one or two 
amperes for a few seconds without sensible heating For 
this purpose a ISTo. 18 bare manganin wire, wound on a 
frame but otherwise exposed to the air, may be employed. 
This wire resistance standard should terminate in thick copper 
connecting rods. The standard should be very carefully 
compared, by any of the methods already described in this 
chapter, with an ordinary small current one-ohm standard 
resistance of platinum-silver or manganin of known value. 

Let us suppose, then, that a low-resistance standard in the 
form of a manganin strip has to be measured, and that its 
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Fig. 43. — Diagram of Housman Bridge Arrangement. 


resistance value is something of the order of 0*0001 of an 
ohm This strip will be provided with current terminals in 
the usual way and also with potential terminals. Let the 
resistance of the strip to be tested be taken between the 
potential terminals and called E 2 . It is then to be joined in 
series with a second resistance or strip, having a resistance 
(denoted by EJ of about 0*01 ohm, and witli the one-ohm 
resistance standard, whose exact value will be denoted by S. 
These three resistances mu.st be joined up in series by stout 
copper rods or strips, and connected to a plug resistance, 
which may be an ordinary resistance box, as shown in Fig. 43 
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The first stage in the process is to measure the ratio of 
the resistance of the 0-01 ohm strip (R^^) with contacts and 
connections plus the resistance of the strip under test 
(R 2 ) to the resistance of the one-ohm standard S. Let 

+ The one-ohm standard, S, should be provided 

o 

with double terminals, two for current entrance and exit, 
and two for potential terminals, between which its resistance 
is known. The Wheatstone bridge employed with the above 
resistances, Ei, E 2 and S is used merely as a potentiometer 
wire, the side AB, or the ratio arms, being used as one 
branch, and BC, or the measuring arm, being used as the 
other branch. When this bridge arrangement is connected 
with a galvanometer, as shown in Fig. 43, and with a single 
storage cell, the cell sends a current of about two amperes 
along the circuit Ea-f-Ei-f-S. Since the ratio of E 2 +Ri to 
S is about 1 : 100, it can be determined with an accuracy 
of 1 to 10,000 when a suitably sensitive galvanometer G Is 
employed, connected across between the terminals B and E, 
as shown in Fig. 43. 

The second stage in the process is to shift one galvanometer 
connection from E to F and one battery connection .from 
D to E. The storage cell used should be one which can for 
a short time send a current of 200 amperes or so without 
injury. The arrangement in the second case is again a 
simple bridge, but in this last form the circuit Ej^- 1 -E 2 is 
traversed by about 200 amperes No contact which was 
included in the first stage is altered, but we can now 
measure the ratio of E 2 to Ej. This is again a ratio of about 
1 to 100. Hence we can find with great accuracy the ratio 

= K Accordingly, we have, by the first measurement, 

E1-I-E2 

Ei+E2_ 

_g_ a, 

and by the second one ^ 

Ei-{-E2 

Hence, E2=a6S. 
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The contact resistances are all eliminated. If the galvano- 
meter is one having a resistance of 100 ohms, and giviug a 
scale deflection of 1 mm. at 1 metre distance with 1 micro- 
volt, we can measure the ratio of E 2 to (E 1 +E 2 ) with an 
accuracy of 1 in 10,000. 

The connections of the bridge wire or bridge circuit ABC 
to the series of three resistance E^^, E 2 should be made as 
small as possible. If, for instance, Ei = 0*01 ohm, R 2 0*0001 
ohm, then in the measurement the arm AB may be 10 ohms 
and the arm BC may be 1,000 ohms. The fall in potential 
down each side will be 2 volts. Hence, if a current of 
200 amperes is flowing through Ei + E 2 = 0*010 ohm, it is clear 
that a change in resistance of of the *0001 ohm 

resistance, or of ‘0000001 ohm, or of one-tenth of a microhm, 
will produce a potential change of nearly 20 microvolts on 
the galvanometer terminals, and hence produce 20mm. scale 
divisions deflection, which it is impossible to avoid detecting. 
This method is therefore one which can quite easily be put 
into practice in any laboratory possessing a good plug 
resistance bridge and a sensitive galvanometer. 

When once a low resistance strip is obtained, the value 
of which is accurately known at any temperature, then it is 
easily copied and others reproduced from it. 

Bridge methods, speaking generally, have a great advantage 
over methods for the comparison of resistances which depend 
upon the measurement of the relative value of the fall of 
potential down conductors to be compared when traversed 
by the same current, in that, in the case of bridge measure- 
ments, slight variations in the value of the currents passing 
through the network do not affect the accuracy of the 
result.* 

* See The Electrwian^ Vol. XLI., p. 354, 1898, for remarks by Prof. 
H. L. Callendar “On the Bridge Method of Comparing Low Resistances," 
in which the advantages of bridge over potentiometer methods of com- 
paring low resistances are upheld. For a trenchant criticism by the same 
writer on the subject, see also The Electrioian, Vol XLI., 1898, p. 501 and 
p. 631. 



MEASUREMENT OF ELEGTRIOAL RESISTANCE. 283 


§ 18. Measurement of High Resistances by Direct 
Galyanometer Deflection. — The measurement of high 
resistances, or resistances of the order of a megohm 
or upwards, cannot be well effected by any of the above 
described bridge methods. The method by which it is 
generally achieved is by observing the current which can be 
sent through a calibrated galvanometer of great defiectional 
sensibility, but good zero-keeping quality, by a battery of 
high electromotive force placed in series with the galvanometer 
and with the resistance to be measured. If the resistance to 
be measured is placed in series with the galvanometer and 
with a battery of small secondary cells, we have then a 
circuit of which the resistance is made up of the resistance 
to be measured (which may be reckoned as megohms and 
denoted by K), tlie internal resistance of the cells denoted by 
rp the resistance of the galvanometer (represented by r), and 
that of the connections by rg, these last three being measured 
in ohms. If, then, E is the electromotive force of the battery 
in volts, and A the current in amperes which flows through 
the circuit, we have 

r+ri+r2 

If the battery is composed of secondary cells, and the 
connections are of copper wire and not long, then ti and 
may be neglected in comparison with lO^R, and we have 

lO^li+r 

Under these circumstances the galvanometer will give a 
deflection 8 such that A =68, where 6 is the galvanometer 
constant for steady currents. The galvanometer must, for 
this purpose, be a highly sensitive mirror instrument, with 
either movable needle or movable coil, placed at a distance, 
say, 2 metres, from a scale divided into millimetres. On the 
scale the sharp image of a portion of an incandescent lamp 
filament is focussed so that any deflection of the coil or 
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needle can be carefully measured in terms of the scale 
deflections. In the case of such a mirror galvanometer the 
deflections will be proportional to the current flowing through 
the galvanometer. The first step, therefore, is to determine the 
galvanometer constant. This is best done by the employment 
of a potentiometer. A fall of potential is created down a long 
fine wire of high resistance laid over a divided scale, and thia 
fall of potential is adjusted by means of a Clark cell, so that 
the fall of potential per scale division is known. For the 
details of this process the reader is referred to the descrip- 
tion given of the potentiometer and its uses in Chapters L, 
III. and IV. 

Suppose the potentiometer is so adjusted that we have 
a fall in potential of 0*001 volt per scale division of the 
scale over which the wire is laid. The terminals of the 
galvanometer are then connected through a resistance of 
several thousand ohms with two points on this slide curve 
and the distance between these points adjusted until the 
galvanometer gives a convenient deflection. Thus, su|)po8e 
the galvanometer has a resistance of 6,000 ohms and we place 
in series with it 4,000 ohms and find that when the terminals 
are connected to two points on the slide wire separated by 
20 scale divisions we have a galvanometer deflection of 
40 divisions. Then we know that the potential difference on 
the terminals of the galvanometer is 20x0*001 volt = 0*02 volt 
and the resistance of the. galvanometer circuit is 10,000 olims. 
Hence the current through it is (0*02-^-10,000) ampe^^-is. 

If Gr is the galvanometer constant, then 
40G=(0*02-M0,000), 

p 1 1 .. 1 

^“20,OU(),00()~20^ 10*’ 

or 0‘05 of a microampere, per scale division. A determination 
of G should be made for a great many different values of 
(the galvanometer deflection) and the mean value taken. 

In the next place we must determine, by means of the 
potentiometer, the value of the electromotive force (E) of the 
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battery. This can be done in the way described in 
Chapter IV., in which are given methods foi* the 
xneasnrernent of ehnitroinotive force. Having thus deter- 
mined the value of (i and E, and knowing the value of the 
gidvaii(jnu;t(*r re.sistancii r, we can calculate the value of 
It in the expression 




E 

10«K-|-7‘ 



In this test tlui (dectromotive force E should be produced 
by a niunber, say, 50 to 100, of small secondary cells, so 
that it can be inoasured with a good voltmeter. It may 
even hci the circuit pressure of an electric supply circuit if 
it is sullieitmtly cdnBlunt. 

If neitlier potentiometer nor voltmeter is at hand, but 
merely a battery of cells and resistance boxes of the ordinary 
type, we may proccnsd as follows 

Let fj 1)0* the galvanometer resistance, and s be tlic^ resist- 
ance of a shunt across its terininals. Then the total resistance, 
r/p f?f the shunted galvanomcfttn* is 


Employing one cell of the battery, send first a current 
from it through the sluintcd galvanometer and a resistance, 
rj, in series witli it. Let r be the internal resi8tancx3 of the 
cell and r. its cjhtfdrornotivcj force. If, then, the resulting 
giilvarimni'.ter dcfbaUitm is and if G is the galvanometer 
coiiHtaiit, or tlm nuniher by which the galvanometer deflection 
liiUHi be multiplied to give the cummt in amperes producing 
that dellectioii, tlien, by Olmi's law, we have 




or 


^+^9i ~ 


(i-) 
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Next alter the resistance n to and obtain a corresponding 
scale deflection, of the galvanometer ; then 
e 




=GrZ2i 


or 


G 


— + T^d^ + d^i. 


Eliminating — from (i.) and (ii.), we have 
G 


d^ d2 


1 _ 


9v 


(ii) 


(iii) 


If the resistance ^2 is so adjusted that the second deflection 
d<i^\dy then we may reduce the ec[uation (iii.) to 


Hence the internal resistance of the cell becomes known 
under the conditions that it is sending a very small current. 

In the next place, let a battery of n cells be joined in series 
with the galvanometer and the large resistance to he measured 
of which the value in megohms may be denoted by E. Let 
the galvanometer deflection then be d^. Hence we have 




= G^8. 


(iv.) 


7^r+10®K+^ 

Change the number of cells to , and obtain another galvano- 
meter deflection d^, then 

n'e 

?2,V+10®E+^ ^ 

Eliminating ^ from (iv.) and (v.), we have 


■^_ {nd4^-nd^g+nn{d^—d^r 
lQ\nd^ — nd^ 


(V.) 


(Vi.) 


Substituting in (vi.) the value found above by equation (iii.) 
for r, we obtain the value of the resistance R in megohms in 
terms of the scale deflections and the resistances of the 
galvanometer and cells. 

The assumption made that each cell has the same internal 
resistance must be tested by measuring the internal resistance 



MEASUREMENT OF ELECTRICAL RESISTANCE. 287 




of various cells, and if they differ, as they probably will do, 
then the mean value of all must be taken. 

The method, however, cannot be regarded as affording 
more than an approximation to the value of the high 
resistance unless each of the cells has absolutely the same 
internal resistance and electromotive force. This is never 
the case in any actual battery. If, however, we employ a 
battery, say of 50 moderately large secondary cells which 
have been about half discharged, and in which each cell is 
in good order, the voltage of each cell will be very nearly 
2 volts and the internal resistance of the whole battery will be 
negligible in comparison with that of a galvanometer having 
a. resistance of say 5,000 ohms. In this case the equations 
become reduced as follows : — 

Let a single secondary cell be first applied to create a 
current through the shunted galvanometer in series with a 
resistance. Then, taking the same symbols as before, we have 


e 




(vii.) 


Next let the high resistance be placed in series with the 
battery of n cells and the galvanometer be unshunted, and we 
have 


ne 


=Crd^. . 


(viii.) 


Hence, from (vii.) and (viii.) we obtain 

— = nr^d.^ + = 10®R<if2 +gdi. 

. ^_n,r^d^ + 7u/^d^-ffd2 

^ Io% = 10%^ ’ 

or, if i-'-ie high resistance is measured in ohms, then 

li—n(ri + gi)^-g (x.) 


The most satisfactory method is, however, to standardize 
the galvanometer by the potentiometer, and then to measure 
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by the same means the actual value of the high electromotive 
force employed to transmit the currents through the high 
resistance. 

The apparatus therefore required for this measurement 
consists of three parts : First, the sensitive high-resistance 
galvanometer combining good zero-heeping quality and pro- 
portionality of deflection to current or constancy of deflectional 
constant over the useful range of the scale. These qualities 
must not be taken for granted, but be carefully proved to 
exist The galvanometer should have various electronnotive 
forces applied to its terminals by the potentiometer, and the 
ratio between the observed scale deflection and the potential 
difference of the terminals observed. This ratio should prove 
to be constant In the next place, when the circuit is opened, 
the galvanometer needle or coil should return accurately to 
the same zero position. If it does not, the galvanometer is no 
use for the present purpose. In the next place a good 
potentiometer is required by means of which to make the 
above-described calibration and to determine tlie galvanometer 
constant at any moment. In the third place a battery of 
small secondary cells is required. This is most conveniently 
provided in the form of a series of trays containing rows of 
lithanode cells made up in large test tubes. For most work 
in measuring insulation from 6 to 12 trays will be required, 
each containing 25 cells. These trays should be exceedingly 
well insulated by being placed on ebonite legs or paraflin 
blocks. High resistance keys are also required. The in.sula- 
tion of the galvanometer itself is a matter of importance, and 
it should be supported on three ebonite blocks in whicli the 
levelling screws rest. 

The above apparatus serves for the measurement of the 
insulation resistance of cables or of highly imsulating 
materials such as indiarubber or gutta-percha. 

§ 19. Measurement of Insulation Resistance.— Let it be 

desired to measure the insulation resistance of the dielectric 
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of a cable or insulated wire. The method of procedure is as 
follows : — 

A large tank is provided of sufficient capacity to contain 
one or more coils of the wire or cable to be tested For 
laboratory purposes it is convenient to have a galvanised iron 
tank about 3ft. wide, 3 ft. long, and 2ft. deep, and to rest it 
upon a wooden platform on castors for facility of movement. 
The coil of cable is placed in the tank, and the tank filled up 
with water. The two ends of the cable are kept well above 
the surface of the water and must be prepared by stripping 



Fig 44. — Use of Price’s Guard Wire. 

back for some distance the plait or tape outer covering so 
as to expose the indiarubber (LE.) or gutta-percha (G-.P.) 
insulation. The two ends of the copper conductor are also 
bared and twisted together. Eouiid the exposed length of 
l.E. or (x.P., which should be a foot or more in length, is 
twisted a fine wire, Gr, called a guard wire. This should be 
on at about Gin, from the outer end of the insulation. 

The cable then presents the appearance shown in Ihg. 44. 
€,€' are the exposed copper ends connected by a wire W. 
X I' are the exposed indiarubber or gutta-percha surfaces, the 
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tape or protective covering being neatly stripped off and the 
ends connected by the guard wire G. T,T is the tape or twist- 
covered complete cable which remains under water in the tank. 

The connections are then made as follows : One terminal 
of the battery is connected to the tank or to a metal plate 
placed in the water. The other terminal is connected to one- 
terminal of the galvanometer, and the remaining terminal of 
the galvanometer G (see Fig. 45) is connected to the copper 
wire w of the cable. The guard wire u is wound round the- 
exposed ends of the insulating covering I and connected 
to the junction point of the battery and galvanometer 
It is best to insert a key in circuit with the battery 
and to place this next to the tank. The battery and galvano- 
meter should 1)6 well insulated by placing them on^’chonite 



Fig. 45.>-Testing Insulation of Cable. 


slabs or blocks of paraffin. The use of the guard wire is as 
follows : If any leakage of current takes place over the cleaned 
surfaces of incliarubber, this current would, unless prevented, 
pass through the galvanometer and be added to the true- 
conduction current or flow througli the dielectric of the cable 
The guard wire, however, arrests the leakage current and 
conducts It harmlessly past the galvanometer.* 


MeaiHoum, Vol. XXXVII p 18 Q) 

Developments in the Use ^of 'Pnvi’ia n a ixr* Ayrton, Some 

Mag., Ipxa, 1900, Vol. insulation Testa,” Pm. 
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In making such an insulation test it will be found that if 
the material of which the dielectric of the cable consists is 
indiariibber, gutta-percha, okonite or any of the usual insulators, 
the detiection of the galvanometer does not remain constant 
when the same electromotive force is continuously applied. 
It will be seen to decrease with the time during which the 
battery is kept in circuit. If the cable is at all a long one, 
then at the moment of first making contact there will, in 
addition, be a rush of current into the cable. In the case of 
very large cables this rush is so violent that it is better to 
sliort-circuit the galvanometer for a moment whilst putting 
down the battery key, and then to withdraw the galvanometer 
short-circuit immediately. 

If we operate in this manner we shall find that the 
galvanometer detiection decreases from moment to moment 
in a manner which indicates that the insulation resistance is- 
increasing with time. It is the custom to define the insula- 
tion by stating its value in megohms after one minute's^ 
cU’Otrification, naming also the electromotive force of the 
battery and the temperature of the cable. 

In tlie case of such materials as indiarubber and gutta- 
percha, and probably in the case of most dielectrics, the 
apparent insulation resistance is a function of the electro- 
motive force and of the time during which it acts. The 
apparent resistance increases with the time of application of 
the electromotive force, and in some cases it decreases also 
slightly as the electromotive force is increased, even if taken 
after the same interval. The insulation resistance decreases 
markedly with rise of temperature. 

Hence the voltage, temperature, and time of electrification 
must always be stated, or else the numerical value of the 
insulation resistance is a meaningless number. Thus a cable 
may be marked as having an insulation resistance of 300 
megohms per mile tested with 600 volts after one minute's 
electrification on application of the electromotive force, the 
insulator being at a temperature of 75°Fahr. Such a 
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statement is precise, but the mere statement that the insula- 
tion resistance is 300 megohms per mile is a very imperfect 
description of the actual insulation quality of the cable. 

The relation between the strength of tlie current howing 
through a non-metallic conductor and the electromotive force 
producing it is in general much less simple than in the case 
of metals. 

In addition to the metals and alloys formed of them, which are called 
the rfieUdlic conductors, we have bodies — such as carbon, selenium, tellurium, 
phosphorus, certain metallic oxides and sulphides, &c. — which are non-metals, 
and yet in certain states are electrical conductors. These are called non- 
metallic conductors. They are generally characterised by the property of 
existing in two or more allotropic conditions, in which their electrical 
conductivity differs widely. Carbon exists in three forms, as diamond, 
charcoal and graphite. In the first state it is a good insulator, in the second 
a poor or indifferent conductor, and in the third a fairly good conductor. 
Selenium, also, can exist in two allotropic forms, and is remarkable from the 
fact that light falling on it when it is in one of these forms causes a sudden 
and considerable diminution in resistance. For the most part, the electrical 
volume-resistivity of all these non-metallic conductors is much higher than 
that of any of the metallic conductors. 

The third class of conductors comprises such substances as indiarubber, 
gutta-percha, mica, glass, ebonite, etc. These are all substances of very high, 
electrical resistivity, and are generally called insulators. They have a volume- 
resistivity enormously greater than any metallic or non-metallic conductor- 
They are usually termed non-conductors, but may also be denominated as 
dielectric conductors. This class includes numerous solids and liquids. 

The fourth class of conductors comprise the conducting liquids. These are 
called electrolytes- In their case the process of conduction is accompanied by 
an evident chemical decomposition of the material, and it is described as 
electrolytic conduction, the liquids themselves being spoken of as electrolytic 
conductors. It is a difficult matter to give a precise answe*’ to the question.^ 
What is an electrolyte ? 

A fifth class may be said to comprise the gaseous conductors; and although 
there is some evidence that in their case the process of conduction is elec- 
trolytic in nature, it may be well to retain them at present in a distinct 
sub-division. Gases at ordinary pressures are good insulators, but if subjected 
to an electromotive force exceeding a certain limit, they pass into the 
conductive condition. 

As examples of these five classes of conductors, we may select copper, 
graphite, mica, melted silver chloride, or an ac^ueous solution of sodio 
chloride, and hydrochloric acid gas. 

It may he that these divisions are not sharply marked. The conduction m 
the case of glass may be electrolytic, and also in the case of gases. On the 
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other hand, the process of conduction may be of a similar nature in all the 
five sub-divisions, and even in the metallic conductors may be electrolytic. 

The action of temperature on the conductivity of the substances in the 
various classes is very different. In the case of metallic conductors, if they 
are pure metals, increasing their temperature always increases their resistivity, 
and lowering the temperature towards the absolute zero indefinitely decreases 
the resistivity. As regards metallic alloys, some of these, such as manganin, 
have a maximum resistivity at a certain temperature, above which they 
decrease in resistance as temperature rises, and below which they also decrease 
in resistivity, but not probably indefinitely, and there is no indication, as in the 
case of pure metals, that it would become zero at the absolute temperature.* 
In the case of the non-metallic conductors, increase of temperature lowers the 
resistivity. As regards graphite there is clear indication that it has a 
minimum resistivity corresponding to a certain temperature near a dull red 
heat.t 

The class of dielectric conductors are distinguished by the 
fact that rise in temperature always reduces their electric 
resistivity, and this rate of decrease in some instances is very 
marked. Thus, in the case of glass we have an exceedingly 
large negative temperature co-efl0Lcient,^ as shown in the 
following tables : — 


Voliimc-rcsistivitij of Glasses in G.&.S. Units per Centimetre- 

cube. 


Bohemian 

Glass. 

Flint 

Glass. 

Temp. 

Volume- 

resistivity. 

Temp. 

Volume- 

resistivity. 

60°C 

6 X 10^2 

60-0 

.. 1-02x10=* 

100°C 

2 xlO^i 

lOO'C 

.. 2 xlO® 

130°O 

2 XlO^o 

120°C 

.. 4-68x1022 

16()°0 

2-4 X 1018 

140°C 

.. 1-06x1022 

174“0. 

8-7 X 10“ 

leoT 

.. 2-45x1021 



180°C 

.. 5-6 xl02o 



200°C 

.. 1-2 xl02« 


Another characteristic of some dielectric conductors is that 
the resistivity is a function of the electromotive force with 


* For a theory m to the cause of the greater average resistivity and 
smaller temperature cc-efficient of alloys compared with that of the metals 
composing them, see a Paper by Lord Rayleigh in The Eleotridan^ Vol. XXX Vll. 
p. 277. 

t See The Mectricicm, Yol. XXXVIIL, p. 856, Mr. J. C. Howell, “ On wie 
Conductivity of incandescent Lamp Filaments.*’ 
i See Mr. Thomas Gray, Proe. Roy. Soc. Lond., January 12, 1882. 
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which it is measured. This is shown by tlie results in the 
following table, obtained by measurements made at the works 
of Messrs. Siemens Bros. & Co.* 


Resistance of Certain Dielectrics under various Electromotive 
Forces or Voltage after One Minute's Electrificatvm, 
Dielectric. 


Gutta-percha.^ 


High insula- 
tion india- 
rubber. 


Ordinary 

indiarubber. 


Voltage. 

Besistance. 

Dielectric. Voltage. 

Resistance. 

r 150 . 

.. 3,468 


150 

... 2,813 

300 . 

.. 3,366 

Lead-covered 

300 

... 2,674 

750 . 

.. 3,267 

impregnation 

750 

... 2,541 

' 1,050 . 

.. 3,117 

cable 

1,050 

... 2,224 

1,500 . 

.. 3,086 

(C class). 

1,500 

... 2,057 

Vl,800 . 

.. 3,021 


ll,800 

... 1,798 

/ 150 . 

.. 8,054 


150 

... 2,602 

300 . 

.. 7,916 

Lead-covered 

300 

... 2,492 

, 750 . 

.. 7,470 

impregnation 

750 

... 2,425 

1,050 . 

.. 7,268 

cable 

1,050 

... 2,345 

1,500 . 

.. 6,705 

(A class). 

1,500 

... 2,274 

'■1,800 . 

.. 6,245 


a,8oo 

... 2,212 

160 . 

.. 513 




300 . 

.. 462 




750 . 

.. 419 




,1,050 . 

.. 355 





The above figures show beyond question that the resistance 
of certain dielectrics after one minute’s action of the impressed 
electromotive force or voltage decreases as the voltage 
increases. The same variation has been found to exist after 
electrification for other intervals. Hence it must not be 
hastily assumed that in the case of any dielectric the current 
fiowiiig through it under different electromotive forces is in a 
constant ratio to the electromotive force. The current iiow 
in amperes or micro-amperes per volt of impressed electro- 
motive force is not constant. The actual current flowing 


* The figures were giveu by Mr. A. Siemens at the Institution of Electrical 
Engineers, during a discussion on a Paper by Sir W. H. Preece on “The 
Specification of Insulated Conductors." See Journal Inst. Elec. Eag., 
Vol. XXr., p. 217. 
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SO that the final result is stated in the form of a certificate 
appended to each coil of cable tliat it has been tested with 
600 volts applied for one minute afler 24 hours’ soaking in 
^vater. 

In making a critical examination of a dielectric material 
the cable or insulated wire must be supplied in coils of known 
length, say, one-quarter or half-mile coils. The insulation 
tt.^sts enable us then to state the results as so many megohms 
X^er mile of cable. 

It is to be noted that if, for instance, the test of 440 yards 
of cable showed its dielectric to have an insulation resis- 
tance of 4,000 megohms, then the insulation is at the rate of 
1,000 megohms per mile. 

Each coil of cable after testing should then have a certifi- 
cate appended to it as follows : — 

Certificate of Insulation Test 


Length of this Coil yards or miles. 

Gauge of Copper Wire S.W.G. 

Nature of Insulation 

Temperature of Coil when Tested 

Insulation Resistance megohms 

per mile at "F. when tested 

with volts after one minute's electrification 

and hours’ soaking in water. 

Dale of test 

Test made at Laboratory, by 


Por electric light wiring no wire should be employed which 
has not thus been tested, and the certificates of each coil 
of wire as used by the contractor slrould be demanded by 
the clerk of works or consulting engineer. No wire should 
be employed of less insulation than 300 megohms per mile 
at after 24 liours soaking in water, the test being made 
witii 600 volts and resistance taken after one minute. 

In the case of dielectrics such as paper or jute impregnated 
with oil or resins or various other dielectrics, which are not 
in themselves waterproof, the cable must be covered with 
a continuous sheath of lead in order to protect them. In 
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this case, also, a test iu water is necessary in order to 
iiscertaiu whether the lead covering- is perfect. 

20. Measurement of Dielectric Resistance by Time of 

Falling to Half Charge. — A usual method of measuring the 
insiilaliou or dielectric resistance of a substance of very high 
nusistivity is to connect it between the earth and a charged 
c.onductor, which is otherwise perfectly insulated, and then 
j)hs(‘rve tlie time taken for the conductor to fall in potential 
by a known fraction or, say, to half its value. 

As a hrst simple approximation to a theory, assume that 
tlu^ capacity of the perfectly insulated conductor is C, and 
that it is charged to an initial potential V, and connected to 
earth through a resistance, E, of large value. After a time, 
t s(‘(;()ii(ls, h‘t the potential of the conductor be -y, and after a 
fmthcr small time, dt, let ithQ v -dv, then the time rate of 

change of potential at that time is - If the capacity of the 

condiuitor is (J, the electric quantity in it at that instant is Ct?,. 
and tlie time rate of change of the charge or quantity is 

— (j ; hence, this also must be the rate of leakage or 
dt 

(uirrent flow through the dielectric resistance. If E is this 
resi.stance we have, if Ohm's lata is obeyed, 

V r fv dv __ _di 

ii“ ~ d? 

Hence, integrating each side of the equation, we obtain 
log,®= - 

where A is the constant of integration. If t=0, then v = 'V, 
where V is the initial voltage. 

Hence log.v — log.V = ~ 
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If we use ordinary logarithms to the base 10, then, we have 


0 - 4343 !; 


where 0-4343 is the modulus or factor for converting 
Napierian to ordinary logarithms. If T is the time in 
seconds taken to fall to half potential, then Ylv — 2, and 
logio2 0-30103, and 


0-4343T T lOT 
Cx 0-30103 ” 0-6930 “ 70 


nearly. 


Hence E is obtained as the quotient of a time by a capacity. 
If 0 is measured in microfarads, then E will be measured or 
given in megohms. 

In the above proof two things are assumed : First 
\hat the resistance strictly obeys Ohm’s law, and, secondly, 
that the capacity is constant and independent of the 
voltage. In the case of actual dielectrics and condensers 
neither of the above assumptions is strictly in accordance 
with fact. 

In applying this method the difficulty is to find a voltmeter 
or electrometer which is itself sufficiently well insulated. No 
electrostatic voltmeter or electrometer is so absolutely insulated 
that if charged and left to itself it will not lose charge, 
neither is any condenser or body having capacity similarly 
free from leakage. We may, however, proceed in practice as 
follows : A condenser or body having capacity is charged to a 
known voltage and connected to tlie voltmeter. The arrange- 
ment is then left insulated and the time of falling to half 
charge or half potential is noted. Thus a Kelvin multicellular 
electrostatic voltmeter, having its terminals closed by a half 
microfarad condenser, may be placed on a sheet of ebonite 
and charged, say, to 100 volts, and left insulated. We note 
Uie time T (in seconds) taken by the voltmeter to fall to 
50 volts. Then the internal leakage resistance E of the volt- 
neter and condenser, taken together can he calculated by th^^ 
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lOT 1 

formula above given, viz., E=-^, from wbicli, if C=- 

70 2 

20 

(microfarad), we find E==^T, where R is the insulation 

i 

resistance in megohms, T the time of falling to half char^ve in 
seconds, and C the capacity in microfarads. 

The insulator or dielectric whose insulation resistance is 
required is then joined across the terminals of the voltmeter 
and the experiment repeated. Let T' be the time in seconds 
required tlien to fall to half charge. The combined insulation 
resistance of the insulator and the voltmeter and condenser 


is E' megohms when R' = 


7 


If, then, B!' is the resistance 


per se of the substance tested, 


we must have = 

R jx 


2, 

ir 


or for the total conductivity found in the second 

it-j-R 

experiment must be the sum of the conductivities of the 
body tested, and of the voltmeter and condenser taken 
together. 

The above method is only practicable and useful in those 
eases in which the insulation resistance of the condenser and 
voltmeter and body tested is so high that the time required in 
any case for the charge of the system to fall to half its initial 
value is a considerable number of seconds — say 15 or 20 at 
the very least. If the potential falls to lialf value in a much 
less time, the power of observing it accurately is much 
diminished. 

If, however, a highly insulated quadrant electrometer is 
available, and an air condenser of considerable capacity, the 
method may be used with success to determine the insulation 
resistance of glass or porcelain telegraph insulators and long 
lengths of highly insulated cable. The difficulty which 
besets this method is that the internal leakage of the volt- 
meter or condenser and other supports is due to films of dirt 
or moisture. It is not certain (in fact, very doubtful) that 
dirt or moisture films of this kind obey Ohm’s law. The 
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formula for calculating resistance by this leakage method 
is worked out on the assum'ption that all the conductance- 
which takes place does so in accordance with Ohm's law — 
in other words, that the resistance is independent of the 
voltage. This is not quite the case for any dielectric, and 
there is no proof that it is the case for surface films causing 
leakage. The method, therefore, must be applied with care 
and discrimination. 

In estimating the insulating value of a dielectric it is- 
necessary to consider not only the mere insulation resistance, 
but also the dielectric strength or voltage required to pierce 
the insulation. This is an important matter in connection 
with cables for high-pressure currents and porcelain insulators 
for carrying bare high-pressure electric wires.* Any report, 
on the insulating power of a cable or dielectric should 
comprise the results of tests as to the average electro- 
motive force required to pierce a known thickness of the- 
insulation. 

§ 21. Cardew’s Differential Method for Measuring High 
Resistance. — This method consists in comparing together 
the rate of leakage from the two quadrants of a quadrant- 
electrometer. The quadrants are connected respectively to the- 
two poles of a highly insulated battery of about 400 cells. 
For this purpose the most convenient battery to use is a. 
form of small water battery devised by Lord Kelvin, con- 
sisting of a large number of copper-zinc couples attached 
to an ebonite slab, and so arranged that when dipped into 
water the drop of liquid held by capillarity between adjacent 
copper-zinc slips forms the exciting fluid of each couple. A 
battery of about 500 couples of this form provides an 
electromotive force sufficient for the test. 

The terminals of the battery are connected to the two 
quadrants of the electrometer, and the needle is connected 

See N. M. Hopkins on “ Testing Insulators for High Pressure Overhead 
Service,’’ The Electricicm, Vol. XXXVIIL, p. 432. 
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to the earth. The battery must be highly insulated by 
placing it on paraffin blocks. If, then, the quadrants o.re 
connected also to earth through two high resistances of equal 
magnitude, the leakage from each quadrant will be the same, 
.and the needle will remain at zero. If one of these resistances 
is an adjustable one, the other may be determined in terms 
‘Of it. 

In starting the test, the centre of the battery should he 
■earthed for one moment, which will bring the needle to zero. 
As comparison resistances lengths of silk or string have been 
found convenient. Thus, a white embroidery silk was found 
to have a resistance of 250,000 megohms per inch, and a 
green thread, partly silk, partly cotton, 10,000 megohms per 
incih, an ordinary measuring tape 1,400 megohms per inch, 
anil a piece of wet ta])e 64,000 ohms per inch. These 
materials, however, are all more or less hygroscopic. Prob- 
.ably lietter standards would be found by using capillary glass 
tubes lilled with liquids of definite composition, which do not 
.act upon glass. The nietliod, however, is of great sensibility, 
and useful for rapid qualitative comparisons of insulation 
power. 

g 22. The Practical Measurement of Electric Light Wiring 
Insulation. The Ohmmeter.—In measuring the insulation 
resistance of tlie electric light wiring of a building, it is 
now tlie custom to employ some form of Ohmimter. The 
princix>le of this instrument is as follows : Let there be 
two coils of wire, C, c, tlirougli one of which, C, flows a current 
passing through a conductor, 11, the resistance of which is to 
be measured, and another coil, c, of high resistance connected to 
the terminals of the conductor. Let these coils be placed 
with tlieir jdanes or axes at right angles to each other. 
Then,. in the case of each coil there will be a magnetic field 
proportional at any point to the current flowing througli 
it. Hence, at some common point in the field of the two coils 
(see Pig. 46), there will be two magnetic forces, one pro- 
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portioiial to the current through the conductor and one at 
right angles to it proportional to the voltage fall down the 
conductor. Hence the resultant magnetic force will have 
a direction which depends upon the relative magnitude of the 
components or their ratio to one another — upon the ratio 
of the potential fall down the conductor to the current 
through it. In other words, the direction of this resultant 
magnetic force will depend upon the resistance of the con- 
ductor so connected to the coils. If, then, a small magnetic 
needle, % s, or piece of soft iron is placed at that point, its 
direction may be indicated on a scale, and the scale may 
be graduated so as to show at a glance the resistance of 
the conductor in ohms. 
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Fig. 46. — Theory of the Ohmmotor. 


In order to apply this principle to the measurement of 
insulation resistances we require a source of high electro- 
motive force. It is universally recognised than an insulation 
test is entirely insufficient if made with an electromotive force 
less than the working or circuit electromotive force. Hence, 
if the electric light wiring of a building is put in for use at 
200 volts the insulation resistance must be tested with 500 
volts at least. 

In a well-known form of instrument hy Evershed & Vignoles 
called a Megger, the principle of the ohmmeter is applied as 
follows ; A permanent field magnet has in it two air gaps, in 
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Or* ...il Hf* ii ri’iiaiii prntMUi wltirh d«*pnijdH 

sir- f:i-3r td Uk*’ «-nir*'nt i!*»uiii|| ihrMiinh tin* iuHnliiticni 
i.i* driviii|» it. Thin thrr<‘f<*rr rnna.Htinm 





O^r S' »•.•'- pM an 4 r nf i|sw^ iS’r^ tilat Mriiit’ ritn, tin’pdnrr*, l«‘ 

fi'l-*. l4*"«i fr Jpl III l»r'|^a}lfn.’'n 

Tlir r^iil iil'if* r;y ri**:'^ II tliird «'*«til rJlt!«'*4 II milljM*rM 

mu * 

Tin** *--%U‘rnml «.4 i|i**Msr?4t.rairirfit ni ?iii«*wn in Fin. 47, 

T»i 'll.*’*' ii M fr* till-' mnilfirtrir Ilf tlm 

riri«|f M* h rimiirrtnl l*y ii win* 

!*i A wiilrf riirili, Tlii.» jil»rf^ tip* iimuliitinii nf 

ilir m-siiiliiif III wifli i|ii^ riirfpiil i»»il and wiiti tin* iirniii- 
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ture of the megger. When, the handle of the armature is 
rapidly turned the needle moves over the scale and indicates 
directly the resistance of the insulation in megohms. It is 
possible to make use of the service pressure itself as a testing 
pressure in measuring the insulation resistance of electric light 
wiring. Thij may be done as follows* ; — 

The portion of the circuit to be tested is separated from 
the main circuit by removing the fuses. Let ABCD (see 
Lig. 48) be the portion of the circuit to be tested, and let the 
terminals J K be those of the dynamo or secondary battery 
or street service which normally supplies the electric current. 


o fcL 



B C 

Fia. 48. 


j Provide a milliamperemeter or other sensitive calibrated 

I galvanometer and connect it in series with a resistance 

I between the terminals A and J. Then connect the terminal 

I K to earth through a lamp, W. The galvanometer or milli- 

■ amperemeter will then show a current if there is leakage or 

i conductivity through the dielectric of the wiring system 

I ABCD, and if the galvanometer has been calibrated for 

Bmall currents the numerical value of this resistance may be 

) ♦ The rib^hodhere described is due to Dr. Oscar May. See The Electrician, 

' XXXVIIL, p. 81 ; see also a critical letter, ibid., p. 128. 


MEASUREMENT OF ELECTRICAL RESISTANCE, 305 


determined knowing the voltage between the main GH and 
the earth. 

It is to he noted that the testing pressure we are really 
here using is not the ordinary service pressure between the 
terminals J and K, but the voltage between J and K when 
this latter is connected to the earth through a . lamp. Hence 
the determination of this voltage must always be made at the 
time by means of a voltmeter of sufficiently high resistance 
(or say by an electrostatic voltmeter) not to disturb this 
potential difference. The main GH should always be the 
positive maiiij because the negative main on a public supply 
service by continuous current is nearly always dead-earthed, 
especially if bare copper strip carried on glass insulators 
of certain descriptions is used as part of the distribution 
system. 

The method therefore must be applied with discrimination. 

§ 23. Insulation Rules for House Wiring. — The various 
electric lighting companies and insurance offices have 
different regulations as to the minimum insulation resistance 
which should be indicated on test under the working pressure 
by electric light wiring. This is generally defined as so many 
megohms 'per point. If, then, there are n incandescent lamps 
(reckoned, say, in 20 watt lamps or their equivalent) in the 
building, the total insulation resistance between the copper 
conductors and the earth must not be less than this limiting 
number divided by n. It is generally specified that these 
tests shall be carried out with a voltage equal to double the 
working voltage and the reading taken after not less than 
one minute’s application of the all lamps being in 

and switches on. Thus, for instance, the limiting values 
for various electric lighting corporations and fire insurance 
companies are as follows : — 

For some calculations dealing with problems on the measurement of 
insulation resistance and leakage currents from insulated conductors, and 
especially in connection with 3-wire systems, the reader is referred to a Paper 
by Mr. A. Bussell in The EUctrioicmi Vol. XLL, p. 206 j also Vol. XXXIY., p.7. 
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Minimum Insulation ResistaTwes allowed Lamp in Installa- 
tions of Incandescent Lamps'^ hy variom Authorities, 


Glasgow Corporation 60 „ „ 

Manchester " 50 „ 

ScarboronghL Electric Lighting ) 

Company j ” ’’ 

Brighton Corporation 20 „ „ 

Liverpool Corporation, Phoenix I -lo.p' 

Eire Office, Lloyds ) ” 

Bradford Corporation 10 „ „ 

The leading Insurance Companies,'! Leakage not to exceed 
including Guardian, Sun, North ^ q part of total 
British, London, Liverpool and V current =40 megohms 
Globe, Alliance, London Assur- per lamp for 200- 
ance,EoyalExchangeand others J volt 20-watt lamps. 


Institution of Electrical Engi- 
neers latest regulations 


Not less than 30 
megohms divided by 
the number of points 
, wired. 


§ 24. Measurement of the Besistanoe of Liquids. — 

As all liquids which conduct at all do so in virtue of 
electrolysis, special difficulties are introduced into the 
resistance measurement of liquids by the counter electro- 
motive force of polarisation due to the ions liberated on 
the electrodes. The possibility, therefore, of obtaining 
accurate information as to the resistance of a column of 
an electrolyte depends upon the completeness with which 
these disturbing effects of electrolysis can be eliminated. 
One obvious method is to employ an alternating electromotive 
force, so that in the column of liquid there is no unilateral 
flow of electric quantity, but the electrolytic effects due to a 
current for one moment in one direction may be annulled by 
an equal current in the opposite direction the next instant. 


* For a chart showing the regulations for insulatipn resistance of electric 
light wiring enforced by various authorities see The Mledrickmf Voh XXXTh, 

p. 2^ 



measurement of electrical resistance, sot 

A plan due to F. KoHrausch is to employ with an ordinary 
Wheatstone’s bridge a small induction coil instead of a 
simple battery, and in place of the galvanometer to use a 
telephone. The secondary currents from the induction coil,, 
which are created at each make-and-break of the primary^ 
circuit, are ec[ual in total quantity— the time integrals 
of the two secondary currents are equal. Hence, on the- 
whole, polarisation is absent. 

The licquid resistance to be measured may be contained, 
in a vessel of any suitable shape forming an electrolytic cell,. 



Pig. 49. — ^Kohlrausch^s Bridge for Liquid Resistance Measurement. 


tjhe ceU liaving two electrodes by which it is connected with 
the bridge circuits. These electrodes are formed of sheet 
platinum, which should be covered with a deposit of 
platinum black (see below). In Fig. 49 are shown diagrams 
of the usual arrangements. The bridge is a simple slide 
wire bridge, and the induction coil is set in operation by a 
few dry cells. 

After connecting the electrolytic cell to the proper 
terminals of the bridge, and setting the induction coil in 

x2 
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action, the slider is moved until no sound is heard in the 
telephone. As this point of silence is not sharply marked, 
but reached by slow gradations of sound, the observer will, 
unless he possesses very sharp hearing, have some difl&culty 
in . deciding exactly the point of balance. The method, in 
fact, tests the acuteness of the observer’s hearing as much as 
it tests the resistance of the electrolytic cell. The ability to 
distinguish an exact position of the bridge slider correspond- 
ing to silence in the telephone depends also upon the nature 
of the electrodes used in the electrolytic cell. If these are of 
bright sheet platinum they must be much larger in area than 
if covered with a deposit of platinum black. This is due to 
the deposit on them of the products of electrolytic decomposi- 
tion, and is called the " polarisation of the electrodes.” This 
polarisation creates a counter electromotive force in the 
circuit. It is not altogether absent even when alternating 
currents are employed, and in this last case it operates to 
produce an effect as if the inductance of the circuit in which 
it exists had been increased. The point of balance on the 
bridge when so used is often affected by the capacity and 
inductances of the four arms of the bridge arrangement. 

The platinizing of platinum electrodes with platinum black 
is best done with the platinizing solution employed by 
Lummer and Karlbaum for their bolometer strips, and the 
same solution is very useful for coating platinum electrodes 
for use in electrolytic cells. It consists of 1 part of PtOl 4 to 
0’008 of lead acetate and 30 of water. 

The solution is used as an electrolyte in an electrolytic cell 
with platinum electrodes, the cathode or negative plate being 
the one on which a deposit of platinum black is required. 
The electrolysing current must be adjusted until on the 
chemically clean platinum cathode is deposited an adherent 
dull platinum black deposit. To ensure wetting the electrode 
so prepared with water they should be treated first with a 
drop of alcohol. A thick deposit of platinum black should 
be secured. Platinum electrodes covered with this dull 
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black deposit of platinum black are less easily polarisable 
than ordinary sheet platinum and hence give better defined 
readings when used with a telephone induction coil and 
bridge. 

If ordinary bright sheet platinum is used for electrodes, 
these are easily polarised or covered with a deposit of 
liberated gaseous ions, and these polarisation films, as they 
are called, are strongly adherent to the platinum and create 
between the electrodes a potential difference which forms a 
counter electromotive force. Since the counter electromotive 
force cannot exceed 2 volts to 2*5 volts, its presence is' most 
felt at or near the balancing point of the bridge, and it 
operates to prevent the development of a sharp or well-defined 
condition of silence in the telephone in this bridge circuit. 
If the electrodes are covered with a deposit of platinum black 
they are less polarisable, and hence better defined bridge 
readings can be obtained.* 

A method due to Messrs. Stroud and Hendersonf is, in 
many respects, more satisfactory than the use of a bridge with 
telephone and induction coil. Their method depends upon 
inserting in the two arms of a bridge two glass tubes, T^, T 2 , 
of different lengths, having terminal cups of the same size. 
These tubes are filled with the electrolyte the resistance of 
which is to be measured. In the terminal cups are placed 
cylinders of sheet platinum covered with a deposit of 
platinum black. The two tubes form, therefore, electrolytic 
cells identical in every way except in that one contains a 
longer column of liquid than the other. The dimensions of 
this column of liquid are easily obtained by measuring the 
length and mean inner diameter of the glass tubes. These 
electrolytic cells are arranged as the two arms of a bridge, 

* See F. Kohlrausch, Annals Phys. Chem,, 60, 2, pp. 316-322, 1897 ; or Science 
Ahsiracts, Yol. I., p. 338. 

t “ On a Satisfactory Method of Measuring the Eesistance of Electrolytes 
by Continuous Currents.” By Prof. W. Stroud and J. B. Henderson. The 
Mectricum, Vol. XXXYHI., p. 49 j also Proo. Phys. Soc. Lond., VoL XY.^ 
p. 15, Oct. 30, 1896. 
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the shorter tube being in series with a resistance box, E {see 
rig. 50). The two other arms of the bridge are made up with 
high metallic resistances, P and Q, of about 20,000 ohms each. 
The galvanometer used must he a sensitive galvanometer of 
high resistance, say 1,000 ohms or more. The battery, B, 
should consist of a number of cells giving an electromotive 
force of at least about 30 volts. It can conveniently consist 
of 20 dry cells in series. 

The measuring operation consists in altering the resistance 
E until the galvanometer shows no current. When this is 
the case, the resistance of E must be identical with that 



Fig. ^O.^Stroud and Henderson’s Bridge Arrangement for Liquid 
Resistance Measurement. 

of a column of the electrolyte equal to the differeme in 
length between the two columns forming the two cells. Since 
the electromotive forces of polarisation are equal, and since 
the two columns of liq'uid are traversed by equal currents, the 
effects of electrolysis in the two arms of the bridges exactly 
neutralize each other. If then the two tubes are of the same 
diameter and graduated in centimetres along their lengths, we 
can at once deduce the resistance of a column of the liquid of 
known length and section, and hence determine its voluina- 
resistMty. 
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A modification of this method, due to Fitzpatrick (see 
Brit. Assoc, lieport, 1886, p. 328), ■which has been constantly | 

in use at the Ca'vendi.sh Laboratory, Cambridge, overcomes all | 

difficulties due to polarization. It consists in employing a \ 

revolving current-reverser, driven by a small water motor. ■ 

which rapidly reverses the direction of the battery current { 

flowing through the bridge. The direction of connection of [' 

the galvanometer is reversed about the same time, but not q^uite i 

at the same instant, the galvanometer circuit being closed a I 

little later than the battery circuit and opened a little earlier. I 

If the galvanometer needle is made heavy, so as to have a I 

long period of vibration, these continual reversals do not 
afiect its steadiness, but the result is to eliminate altogether 
etlbcts due to polarization, and to make it quite as easy 
to measure an electrolytic resistance as to measure a metallic : 

conductor. The reverser consists of a drum on which are 
fixed brass sectors with wire brushes touching them. The | 

drum resembles a dynamo commutator, only alternate 
segments are connected to metallic bands at each end. The 
segments which belong to the galvanometer circuit are 
rather less wide than those which belong to the battery 1 

circuit 

In measuring the absolute value of the resistivity of an 
electrolyte it is usual to place it in a glass containing vessel 
or tube having platinised platinum electrodes. Once for all a 
careful measurement is made of the resistivity of some pure I 

electrolyte, such as potassic chloride, of known concentration. I 

This is done in a rectangular or tubular vessel of such shape 
that the dimensions of the mass of liquid and the distribution 
of current through it are known. Afterwards any other 
electrolyte can have its resistivity determined by being placed I 

in a cell of any form and the ratio of the resistances 
determined when the cell is first filled with the standard 
electrolyte and then with the electrolyte under test. 

It is not unusual to express the conductivity of elec- 
trolytes in terms of a fraction (say 10“®) of that of mercury. 
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!For many purposes, however, it is better to express it in 
ohms or megohms per centimetre- cube. 

In the tables on pp. 327, 329 are given the values of the 
volume-resistivity of electrolytes of various kinds. The 
aqueous solutions of the acids and many aqueous solutions of 
salts or hydrates have a minimum resistivity corresponding 
to a certain dilution or concentration. The temperature of 
the electrolyte very greatly affects its conductivity. It will 
be seen from the tables that the temperature coefficient of an 
electrolyte is generally about three to four times greater than 
that of a pure metal. 

§ 25. The Absolute Measurement of Electrical Resist- 
ance. — The determination of the value of an electrical 
resistance in absolute measure, or its direct recovery in terms 
of the units of length and time, is an operation not likely to 
be conducted in an ordinary electrical testing laboratory. 
Space cannot here be granted to review in detail all the 
various processes which have been suggested. The > student 
desirous for information on this question may be referred for 
full information to the following advanced treatises on 
electricity and magnetism : — 

Clerk Maxwell. “Treatise on Electricity and Magnetism.'’ 
Yol. II., Chap. XYIIL, 2nd Ed. 

E. Mascart and J. Joubert. “Electricity and Magnetism.” 
Translated by E. Atkinson. Yol. II., Chap. YII. 

A. Gray. “Absolute Measurements in Electricity and Magne- 

tism.” Yol. II., Part IL, Chap. X., p. 588. 

G. Wiedemann. Electricitdt, Yol. lY., p. 910. 

The various methods used for the absolute measurement of 
resistance have also been critically discussed by Lord Eayleigh, 
Phil. Mag., Yol. XIY., 1882, and by Mr. E. J. Glazebrook, 

B. A. Beport, 1890. See also The Electrician, Yol. XXY., p. 544. 

Amongst the processes there described for the absolute 
determination of an electrical resistance is one due to 
Lorenz which, from its simplicity, has been made tlie 
starting point for the construction of an apparatus l)y 
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Pit-P J. V. Jones wMcli is likely soon to be found in tbe 
■possession of every well-equipped electro-pliysical laboratory. 
This apparatus enables an observer to re-determine for him- 
self in absolute measure the value of a low resistance, and 
that with not greater expenditure of time than would be 
incurred in making a mere comparison experiment. 

The general theory of the Lorenz method of determining 
a resistance in absolute measure may thus be described : — 
If a metallic disc is caused to rotate in the mean plane 
of a coil concentric and co-axial with the disc, and if a 
current passes through the coil, an electromotive force is 
created in the disc. If brushes touch the centre and 
circumference of the disc, and if from these connections are 
led away to make contact with two points on the circuit,, 
which includes the coil, then it is possible to so adjust the 
resistance between these contact places that no current flows 
through the disc — ^in other words, the electromotive force set. 
up in the disc may be made to exactly balance the potential 
fall down the resistance in series with the coil. If, then, E 
is the resistance of this conductor and C the current through 
it and the coil, and if M is the co-efiflcient of mutual 
inductance between the coil and the disc, and n the speed 
of revolution, the electromotive force set up in the disc is- 
equal to M.Gn, and the fall of potential down the conductor 
is EC. Hence, when there is equilibrium, MOn = EC, or 
E=M 7 i. The measurement of the resistance is therefore- 
reduced to the calculation of a co-eflElcient of inductance' from, 
the measured dimensions of the coil and the disc and the* 
observation of a speed of revolution. 

In Fig. 51 the points 0 and M are the centre and circum- 
ference of the disc, and XY is the resistance of which the- 
absolute value is to be determined. The real apparatus as- 
dei§igned by Prof. J. V. Jones’^ is represented in Fig. 52, 

* For a full description of the theory and practice of the method the reader 
is referred to Papers by Prof. J. V. Jones in i%e Blectrioian of 1890 and 1896 — 
Vol. XXV., p. 662, and Vol. XXXV,, pp. 231 and 263. 
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The metallic disc is driven at a uniform speed by an electric * 

motor. Contact is made acrainst the centre and circum- 

i 



ferentce of the disc by brushes, and these are connected 
through a galvanometer with the ends of the resistance 
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being measured. The axis carrying the disc carries also a 
•speed indicator, which is preferably an arrangement for 
making an electric contact every revolution of the disc- 
This is made to print dots on a fast-running paper tape on 
which also series of parallel dots are printed by a standard 
•clock. The speed of the disc can then be accurately determined 
The coil consists of a wire wound specially in grooves in 
a marble ring, on the outer edge of which is cut a screw- 
groove. The calculation of the mutual inductance of the 
•coil and disc once effected becomes a constant of the 
instrument. 

For the details of the machines already designed and made 
under the direction of Prof. J. V. Jones the reader is referred 
to the following Papers by Prof. Jones : — Suggestions 
towards the Determination of the Ohm in Absolute Measure,” 
a Paper read before the British Association at Leeds in 
1890. (See also The Electrician, VoL XXV., p. 552.) 

In this Paper the details of the theory are set out. Keference is also made 
to a Paper, by the same author, read before the Physical Society in 1888, 
(see PMl. Mag., Jan., 1889), in which the theory of the calculation of the 
mutual inductance of a disc and co-axial coil of single layer is given. 

Also, by the same author, a Lecture on this subject was 
given at the Eoyal Institution, London, in May, 1895, entitled 
“ The Absolute Measurement of Electrical Eesistance.” (See 
The Electrician, Vol. XXXV., p. 231.) 

In this Lecture the details of an improved Lorenz apparatus are described. 

A well-constructed Lorenz apparatus was made for the 
McGrill University, Montreal, and a description of the design 
will he found in The Electrician, Vol. XXXVII., p. 267, as 
well as a perspective view of the machine (see Fig. 53), A 
careful determination of the absolute value of the Board of 
Trade standard ohm was made by Profs. Ayrton and Jones in 
1897, with the above described Montreal Lorentz apparatus 
and the results of these experiments are recorded in The 
Electridcm, Vol XP«,fP- 14^150 (see also &^iee dbstracts, 
Vol. I., p. M). 



FiO. 53. -Orone..I„„n. Apparatus fur the Absolute Deter«lnatio„ of Hedatauce, 
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A Fujirr l)y Prof. Ayrton in The EkctricAcji, Vol. XL., 
p. 149 , iiiititkil Uur KiKwlidge of the Talue of a Re.sistfince/' 
givir-i tliii fiietM on which are founchtd the o|iinir)n that the 
lioard fif Trade Mtitinian! ohm, which in intcauled to rei;)rc‘.sent 
an mnirly iia ponHihlf! tin* International ohm, or a renintance of 
lii^rMeiini of nmtmry 1 mp min. in section at OTh, may in fact he*. 

t/i ICItJ'fL'kniiH. or may l>e in «‘rrf>r hy threu.*. or four parts 
in ICM-)W. IliUirai we fainnot say that tliis f>f!k‘4al Htamlanl 
ohm rimlly ri*|ir*e4*!nts Ifl® absolute C.O.B. units of resistam/e 
will'i II i; 4 rr*ai#?r imcniriicy thim three or four parts in 10,000 or 
Cl'OM |a*r cenL The niean of nine ahsoluti* (IcstenninatfumH of 
tlie value of the Board of Tnirh^ wine standard ohm slaaved 
tliiil itn n*Ai value is, in all proliahility, 1*0()()2G tnn^ fdans 
tip* Irtie ohm hoiiig IfP iilmolute C.G.B, units. 

Tilt! Piiidt^r desirous of iriformation on tlic relirtivt* valut 3 of 
lie* I’Xp^’riiiiiiriial meiliods which liave been adopterl for the 
alr«i|iiie delerin illation of resistance and the aliBoluto mcjiHuri*- 
iiieiil of lliii resistivily of mercury may hi*, referred to two 
refioriii miMla by Mr, It. T. Glaradirook on hc*half of 
iJif* 'Klerlritml Stiimknis Committee of thi! Britisli Association 
(mr llrit A^mu lli'f{iorlii, 1890 (.teals) and ,IH{)2 fBdinlmrgh); 

?%/ Mkrirkmut VoL XXV,, pp. 143 and oHH, and Vol. 
XXLX,, p. 402), 

wliirji litve Imen ohyiined hy various oliservctrs frir 
tli«’ oliiii it! lermn of thi* diiiiensioim of a column of pure 
iwrs'ctirf ill O'lJ, are given in Table .XV, f« allowing (p. 8*ir>). 

:l 2S. litiiljwe# nf l^ndnotnrs to A,.ltoriiatliig Currants. — 

If II iiufyillic mmlmMf, in tin* form of a win* or rod, m 
lra%o*rft*f4 hy tn iilh^riiitiiiig olectric ciirreiil, it U wi‘ll known 
tli-il iIp! mtmml 4mm nut ilistriliiiiii iteidf iiriiformly over tlm 
rroH%<o?ctioii of itie c^mductor, hut conceiitraies itself nn»re 
or hm lit the mirfmn, Tim result i« fn nitke tlii* ef!ei!t..ivi! 

fif coialiictor greiiter for iilltfriiiiiitig mirrentH 
llein h#r kmuati the |Miriwlic ciinmit, so tio s},ii'ak, 

lei# of itifi imiidnetor lienee we iif.^ed a c«»rre<„‘litiii 
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■wMcl. must be applied to the true or ohmic resistance in cal- 
culating the resistance of a conductor to alternating curreutsv 
Assuming the currents to be simply periodic and the conduc- 
tor a round metallic rod, Lord Ea}deigh in 1885 gave a 
formula for calculating the resistance to alternating currents*'**^ 
Another formula and method was given by Lord Kelvin im 
188 9, *1* and he gave a table calculated for conductors of round 
section of certain diameters, and for certain frequencies. 

The above formulae are, however, in a form which does- 
not render them very convenient for laboratory calculation. 
M. E. Hospitalier has, however, reduced Lord Kelvin’^ 
formula to a very convenient table. 

If we denote the resistance to alternating currents- by E^and 
that to continuous currents hy Ec> for round-sectioned 
rods as wires the two quantities are related by tlie generaJ 
expression E 

h being a numerical constant which depends- upon the 
frequency n and on the diameter d, 

111 the case of wires made of the same metal hut of 
different diameters h has the same value for equal values- 
of the product nd"^. Hence we can make a table showing 
the values of 7c corresponding to various values of ndK 
M. E. Hospitalier, assisted hy M. A. Potier, has calculated 
the following table, which is correct for copper having a 
resistivity of 1,59 7 C.G.S. units4 



h 

ndP 

k 

0 

roooo 

1,620 .. 

1-8628 

20 

roooo 

2,000 .. 

2*0430 

80 

I'OOOl 

2,420 .. 


180 

10258 

2,830 .. 

2*3937 

520 

1*0805 

5,120 .. 

3*0966 

600 

1*1747 

8,000 .. 

3*7940 

720 

1*3180 

18,000 ... 

6*5732 

980 

1,280 

1*4920 

1*6778 

22,000 ... 

7*3260 


* Phil. May., Hay, 1886. See also “The Alternate Current Tra.nsfermtr,'’* 
Pleming, Vol. I., third edition, p. 294-* 
t Presidential address to the rnsfcitution of Electrical Engineers, 1889. 

It See Tht Tol. XXXII., p, 277, yx Jl Jridmtrie Eleotriq/m, 1893^ 

p. 663. 
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A« :m i‘xaiiij>kj of its use, lot us apply it to the following 

prohlcMii 

\Vl«it will Im till! roHintanof^^ to itltc*rnating currents liavinic 
li fri*»|iifury of Ml, of a rounthj^felioned copper rod 2cms. in 
iliiiiiicler. Here fi ^ 2, n ^ HO ; Iwuvm ttfP rs 80 X 4 = 320. 

Froiii till! iilMivo iahie. we, see that, cor responding to wP « 320, 
I' ra l/f|,Hflo. if the ohmic reHistance of the rod is, say,. 

ll nhtm, I hen its ri'iiistimce to the above periodic currents 
h r»‘24lo oliiriii If the e%:act value of the product 
ri'fjuircfl is not in ihii above iaidt*, it (mn be obtained by 
iiiior|iolali*ui or by si.'Uing out tlie figures in a curve. In 
Tmldf! XVI., Ill tii'O end of this chapter, are given the values 
cif the and ullcriiatiiig rimisiance straudcsi copper 

citbles for II fro«{iif*ricy of HKI. lo»r <A\mt nm-marfnetia metafo 
f’o|»jirr llio %nhU in the ivxt (ji. 318) may lie made 
nviiiliiblif by riii|4«iying a fact«jr to find k e<|ual to tln^ values 
fur of mP iiiulf,i|iliod by l.fdiTz/s wlierci p is the rcmis^ 

livity in CU#.8. tinils. 

Ilffiici*, for li roiifirl imital p.mI of diumi!t*er and made of 
II iiiaicriiil hnving dfmhk the Hpitcific resistimce of cop{K)r, 
in oplftr Ui liiid its resistance to idieniaitng currents of a 
fr«f.|iit!iicy a, w«? should hav«* to find tlie value ut k in the 

ii|p:ivi» litlilf? corn^sporiding to a value and not simply 

•mP, m tm c«i{:ij.irr. Accc^rdiiigly, tli«? higher the resistivity of 
iiiiilcrial llie le%s dilbweiit m the alternaiing from ih& 

ttjiiiiauuiii ciii'resit retibtanc^ 
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TABLE I. — ^Atomic Weights and Densities of Metals. 

The quotient of density multiplied hy 1,000 by atomic weight gives a numbei 
called the atomic density^ and is proportional to the number of atoms pei 
centimetre-cube. 


Metal, 

Symbol. 

Atomic weights. 

a. 

Density. 
Water =1. 

Atomic 
density 
= 1,000 
xdja. 

Atomic 

volume 


H = 1 

0=16 

d. 

=ald. 

Lithium 

Li 

7 

7 

0-589- 0-598 

85 

11*8 

Beryllium ... 

Be 

9-1 

9-0 

1-85 

203 

4*86 

Sodium 

Na 

23 

23-05 

0-974 

42 

23-6 

Magnesium . . 

Mg 

28-9 

24*3 

1-748 

73 

13*76 

Aluminium . . 

A1 

27-0 

27 

2*56 - 2*583 

95 

10*56 

Potassium ... 

K 

39*0 

39-11 

0-876 

22*5 

44'96 

Calcium 

Ca 

39-9 

40 

1-566- 1-584 

39-5 

25*28 

Titanium . . . 

Ti 

48-0 

48 

« • • 



Chromium . . . 

Or 

52-0 

52*1 

6-8 

130 

7*0 

Manganese... 

Mn 

54-8 

55-1 

7*33 

134 

7*0 

Iron 

Fe 

55-9 

56*0 

7-8 - 8-1 

142 

7-1 

■ Nickel 

Ni 

58*7 

58*7 

8-3 - 9-0 

148 

6*94 

Cobalt 

Oo 

59*4 

59*5 

8-5 - 8-9 

148 

6*94 

Copper 

Ou 

63-2 

63-6 

8-9 - 8-95 

141 

7*10 

Zinc 

Zn 

64-9 

65*3 

6-9 - 7-2 

108 

9-12 

f Arsenic 

As 

74-9 

75 

• •• 


12-90(?) 

' Rubidium ... 

Rb 

85-2 

85-5 

• •• 

... 

56*1 (?) 

Strontium... 

Sr 

87-3 

87-66 

2*54 

29 

34*56 

^ Molybdenum 

Mo 

95-7 

... 

8-6 

89*5 

11-13 

Ruthenium... 

Ru 

101-4 

, . , 

n o -11-4 

110*5 

9-05 

Rhodium ... 

Rh 

102*7 

103 

11-0 -11-2 

108 

9-12 

Palladium ... 

Pd 

106-2 

106*5 

11-3 -12-1 • 

110 

9-12 

Silver 

Ag 

107-6 

107*92 

10-4 - 10-67 

97*5 

10-04 

Cadmium ... 

Cd 

111-7 

112 

8-54- 8-66 

77 i 

12-96 

Indium 

III 

113-4 

118*7 

7-2 - 7-4 

64 

15-53 

Tin 

Sn 

117-3 

119 

7-3 

62 

16-20 

Antimony ... 

Sb 

119-6 

120 

6-72 

56 

18-16 

Csesium ...... 

Os 

182-7 

132*9 

1-88 

14 

70-5 

Barium 

Ba 

136-4 

137*4 

1 4-0 

29 

84-25 

Cerium 

Ce 

189-9 

140*2 

6-73 

47*5 

20-8, 

Tungsten . . . 

W 

183-6 

... 

19-261 

105 

9-53 

Osmium 

Oa 

190-3 

. . • 

22-43 

117 

8-49 

Iridium 

Ir 

192-5 

193*1 

22-4 

116 

8-6 

Platinum . , . 

Pt 

194-3 

; 195 

20-3 -22-1 

106 

9-12 

Gold 

An 

196-8 

1 197*3 

19-8 -19-5 

98 

10-04 

Mercury 

Hg 

199-8 

1200 

18-596 

68 

14-56 

Thallium 

Tl 

203-7 

i 204 

11-8 

58 

17-20 

Lead 

Pb 

206-4 

I 206*95 

11-3 -11-4 

55 

18-24 

Bismuth 

Bi 

208-0 

|208 

9-8 - 9-9 

47 

21-84 

Thorium . . . 

Th 

232-0 

i 232*6 

10-97-11 23 

48 

20-84 

Uranium ... 

U 

239-8 

1 ... 

18-4 

77 

13-08 


The atomic wt^ights under column (0 = 16) are the numbers published by 
the American Chemical Society's committee on atomic weights {Jownal 
American Chemical Society, Vol. XYIL), revised to January, 1894. 

The atomic weights under column (H = l) are those given by Professor 
T. E. Thorp (‘‘Manual of Inorganic Chemistry,” Vol. I.). 
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TABLE II. 


Electrical Ma.w roHi.stivity of Various Metals at 0*0., or Be- 
siHtaneo per Motro-gramme in Standard Olms at 0“O. 
' MatthioKHon. i 




j at, 0 '0 (in 

j ( thum) (if a 

\ winM-mt ItiiiK 

I and win^'lilng mio 


hUVrf ‘ 

Hilvi^r drawn) 

C%i|i|’<'r f i 4 rin»'-rd»’(i} 

- hard Irawii) 

Ifjril 4 ......4 

ftiilil iliard drawiil ' 

AlniJinn^iin fninit-ah’d) ...j 

I XiiiP ... 

; l*iii!iiiaiii iiifP’ali'dj ...... j 

; I run 

' iiiiiiii^akd) ' 

Tin ........ j 

’ Lrad (|«r*' ::ril 

■ ,Aidiiii^4iy 

■ (pr*r^Hi'4'| ......... 

. Mrrr'.jfy (linniili*’ 


0-1 A 2 n 
()• 1(557 


Approximate 
temperature co- 
etlicicml near 

mv.. 


()4)()H77 

. 0-()(V:iB8 

O’l Ml) (MattjhieHHen’H Standard) 


<j-l ()25 
O-lOUl 
00757 
O-lOld 
I '0007 
0*7(55 
i‘05H 
O'OOIH 
2*2208 
2*0787 
12*8554 
i2*HH5 


0*00a(55 


()*00BG5 

0*OOBH7 

O'OOBSl) 

()*00B54 

0*00072 




*'■' ' ;;‘-r , 'r vr 2 . give., by MatthieHseo 
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TABLE III 

Electrical Volume-resistivity of Various Metals at 0°C., or 
Resistance per Centimetre-cube in O.G.S. Units at O^'O. 

This Table is calculated from the results of experiments made by 
Matthiessen, employing the values given by Jenkin in his Cantor Lectures 
(Society of Arts, 1866) for the resistance in B.A. units of a uniform circular- 
sectioned wire of the metal 1 metre long and 1 mm. in diameter taken at 0 G. 
The figures given by Jenkin have been reduced to standard ohms and C.G.S. 


units by multiplying by ^ X 0*9366 x 10^=77,485. 


Metal. 

Volume Resistivity 
at 0‘‘C. in C.G.S. Units. 

Silver (annealed) 

1,602 

Silver (hard drawn) 

1,629 

Copper (annealed) 

1,594 

Copper (hard drawn) 

1,630* 

Gold (annealed) 

2,052 

Gold (hard drawn) 

2,090 

Aluminium (annealed) 

8,006 

Zinc (pressed) 

5,621 

Platinum (annealed) 

9,085 

Iron (annealed) 

10,568 

Nickel (annealed) 

12, 429 i- 

Tin (pressed) 

18,178 

Lead (pressed) 

19,680 

Antimony (pressed) 

36,418 

Bismuth (pressed) 

180,872 

Mercury (liquid) 

94,896J 


* The value (1,650) here given for hard drawn copper is about one- quarter 
per cent, higher than the value now adopted, viz. : (1,626). The difference is 
due to the fact that either Jenkin or Matthiessen did not employ precisely the 
game values as at present employed for the density of hard -drawn and annealed 
copper in calculating the tolume-resistivities from the mass-resistivities. 

t Matthiessen’s value for nickel is much greater than that obtained by the 
Author, as shown in Table IV. 

X Matthiessen’s value for raerdury is nearly 1 per cent, larger than the value 
now adopted as the mean of the best results, viz. : 94,070. 


p 
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TABLE IV, 

Eli!r'tri*Ml Voliima renisti^ity of Variom Pure Metals at 0°0., 
or per Centimetre-cube at O'C. in O.Q-.S. Units. 

:ui4 I i hiL .U/o/., Hcptombcr, 1893.) 


M*^uA, 


: r^'b'Ctrolylic and well 



i J4i|i|irr tiflraimlylic and well 

I — 

I Ciiniii?iilf'd| 

i \lnii.iiiiiiini 

j 

/Atm 

: Mpk«4 ............. 

' Iron 

! I bpllliinfll 

i Pjillfidinifi 

^ Pklititifii (Tiiirmledl 

rm tpr* ).Hr4| 

riinlliiiiii 

t 

<t4«*riridylb)t .......... 

I M^rmry iVnrA 


* '1^$^ '4 for thfwa Uwte wero 

^ 'hf %ti.. J. W, Hwiin, F.iiH,, wcw exceedingly 

Ti.** int rei?i??yvify of riK*kel m given in the 

K%hlm hy 4, A. Meniiiig) i« nmeh lem (by nearly 

!«*# nrfti.) ^Ii%n the by re*ieareliiw. 

+ Th* V^Amu^h hmn mmi |iro|mrf!d by MewnrH. Hartmann 

#44 1st •ti*l iMkf^n hf 4. A. Fleming, The value m nearly 

^ rr»l Ifft# Inmt givgp by Matt I* »«««»»- 


T 2 


ItoHietance at 
O'U. j>er centi- 
metre-cube in 
C.G.S. Unite. 

Mean tempera- 
ture coefficient 
l>etween 0"(1 
and 100“C. 

1,468 

0-00400 

! 

1,561 

0*00428 

2,197 

0*0()B77 

2.666 

0*00436 

4,866 

0*00381 

5,751 

0*00406 

i 6,685 

0*00618 

1 9,065 

0*00626 

j 10,028 

0*00419 

10,219 

0*00364 

! 10,917 

0*003669 

i 18,048 

O'OOidO 

17,688 

0*00398 

20,880 

0*0()411 

110,(KK) 

0-0048B 

94,070 

0*00098 
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TABLE V. 


Electrical Volume-resistivity of Pure Metals at Various 
Temperatures. 

(From experiments by Fleming and Dewar.) 


‘ Tempera- 
1 ture 

1 (Centi- 
1 grade). 

Specific Resistance in C.Q.S. Units. 

Silver. 

Copper. 

Gold. 

Alu- 

minium. 

Mag- 

nesium. 

Zinc. 

Nickel. 

- 160°C. 

- 100°C. 

- 50°C. 

0°C. 
+ 50“C. 
+ 100°0. 
+ 150°C.i 
+ 200°0.| 

580 

890 

1,195 

1,468 

1,775 

2,070 

2,360 

2,885 

515 

860 

1,210 

1,561 

1,895 

2,215 

2,560 

2,890 

960 

1,360 

1,770 

2,197 

2,605 

8,030 

8,440 

8,840 

900 

1,485 

2,075 

2,665 

3,255 

3,845 

4,420 

5,000 

1,625 

2,685 

3,485 

4,355 

5,205 

6,010 

6,790 

7,640 

2,270 
8,480 
4,585 
5,751 
6,92d 
8,115 
9,345 1 
10,590 

i 

2,400 

3,645 

5,130 

6,935 

8,915 

11,210 

18,820 

16,030 


Tempera- 

ture 

(Centi- 

grade). 

Specific Resistance in C.G.S. Units. 

Iron. 

Cad- 

mium. 

Palla- 

dium. 

Plati- 

num. 

Tin. 

Thai- 

Hum. 

Lead. 

- 150°0. 

- lOOT. 

- SO'C. 

0°C. 
+ 60°O. 
+ 100°0. 
+ 150°G. 
+ 200°C. 

2,825 

4,860 

6,590 

9,065 

11,770 

14,765 

18,110 

21,960 

4,210 

6,115 

8,045 

10,028 

12,060 

14,315 

16,725 

19,825 

4,205 

6,290 

8,800 

10,219 

12,055 

18,840 

15,545 

15,215 

4,760 

6,890 

8,945 

10,917 

12,910 

14,820 

16,690 

18,635 

5,080 

7,650 

10,350 

13,048 

15,895 

18,870 

21,990 

25,155 

6,275 

10,165 

13,980 

17,688 

21,225 

24,770 

28,100 

31,686 

8,515 

12,840 

16,890 

20,880 

24,566 

28,900 

83,470 

88,000 
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TABLE VI. 

Electrical Conductivity of Metals at 0°C. in Absolute and 
Arbitrary Units. 


Absolute conductivity is measured in mhos. The mho is the reciprocal of 
the ohm, and the mho-conductivity is obtained by dividing 10^ by the volume- 
resistivity in C.Q-.S. units. 


Metal. 

Mho-conductivity at 0°C. 

1 mho = conductivity of a 
centimetre-cube of 
material having a volume- 
resistivity of 1 ohm. 

Arbitrary conduc- 
tivity. Annealed 
electrolytic silver 
= 100 ao 0°C. 

Silver (Glectrolytic\ 
annealed) j 

681,198 

100 

Copper (electrolytic) 
annealed) f 

640,615 

94-04 

Gold (annealed) 

465,166 

66-81 

Aluminium (annealed) 

375,234 

55-08 

Sodium (pressed at) 
20°C.) [ 

253,973 

37*43 

Magnesium 

229.616 

33-71 

Zinc 

171,381 

25*16 

Calcium (at ... 

160,818 

22-14 

Nickel (electrolytic)... 

144,196 

21-17 

Potassium (at 20"'O.) 

141,990 

20-85 

Lithium (at 20''C.) ... 

129,428 

19-00 

Indium 

112,400 

16-60 

Iron 

110,814 

16-19 

Cobalt 

106,140 

15-58 

Cadmium 

99,770 

14-64 

Palladium 

97,857 

14-64 

Platinum 

91,600 

13-44 

Tin 

76,640 

11-25 

Thallium 

66,712 

8-32 

Lead 

49,067 

7-20 

Strontium (at 18V.) 

4.5,708 

6-71 

Arsenic 

82,425 

4-76 

Antimony 

31,471 

4-62 

Mercury 

10,680 

T66 

Bismuth 

9,091 

1-33 



326 


MEASUREMENT OF ELECTRICAL RESISTANCE. 


TABLE VII. 


Volume-resistivity of Alloys of known Composition at 0°C. 
in O.Q-.S* Units per Centimetre-cube, 

Mean temperature coefficients taken at 15°C. 

(Fleming and Dewar.) 


Alloy. 

Resis- 
tivity 
at 0®0. 

Tempera- 

ture 

coefiScient 
at 16“C. 

Composition in 
per cents. 

PlatimiTn-pilvAr 

31,582 

30,896 

21,142 

6,280 

67,148 

29,452 

0-000248 

Pt83%,Ag66% 
Pt 80%, Ir 20% 
Pt 90%, Eh 10% 
Au90%,Agl0% 
Mn 12%,Pe80% 
M 4-86% 

Cus Zrig Ni, 

Platimim-Tridinm 

0-000822 

Platiunm-Bih odium 

0-00143 

r^nld-f^ilvAr 

0-00124 



000127 

Nickel-Steol 

0-00201 

German- Silver ' 

29,982 

0-000273 

Platinoid* 

41,731 

46,678 

4,641 

2,904 

8,847 

14,912 

3,887 

0-00031 

Manganin - 

0-0000 

/0u84%,Mnl2%, 
\ Ni4% 

AI 94%, Ag 6% 
A1 94i Ou 6% 
Cu 97%, A1 3% 
/Cu87%,Ni6-7%. 
1 A16-6% 

Aluminiuni-Silver 

0-00288 

Aluminium-Copper 

Oopper- Aluminium 

0-00381 

0-000897 

Copper- Nickel -Aluminium 
Titanium- Aluminium 

0-000645 

0-00290 


* Platinoid is an alloy first produced by Martino, the coni[>ositK;n being 
said to be similar to that of German silver, but with a little tungsten added. 
It varies a good deal in composition according to manufacture, and the resis- 
tivity of different specimens is not identic^ Tlie electrical properties of 
platinoid were first made known by Dr. J. T* Bottomley, F.R.S., in a Paper 
read at the Royal Society, May 5, 1886. 
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TABLE VIII. 

Electrical Volume-resistivity of Various Liquids in Olims per 
Centimetre-cube. 


L — Fused Salts. 


Substance. 

Resistivity. 

Remarks. 

Observer. 

Plumbic chloride Pb 
Cl, 

Silver chloride AgCl 
Sodic nitrate NaNOg 
Zinc chloride ZnClg 

0-376 

0-392 

0-817 

109-3 

at 

F. Braun 

W. Kohlrausch 
F. Braun 

F. Braun 


II. — AQaEOUs Solution of Acids.* 
Solution having maximum conductivity at 18®C. 


Acid. 

Resistivity. 

Temperature Coef&cient. 

Nitric Acid NO 3 H 

Hydrochloric Acid HOI 
Sulphuric Acid HgSO^ 
Tartaric Acid CJI^jOg 
Acetic Acid O 2 H 4 O 2 ... 

1-28 

1-32 

1-36 

100-0 

618-4 

0-014 ^ 

0-0155 

0-01621 as given by 

0 0192 

o-omj 


III. — Aqueous Solutions of Salts and Hydrates.* 


Salt. 

Resistivity. 

Specific 

Gravity. 

Temperature Coefficient. 

Potassic Hydrate KHO 

1-84 


0-0225'^ 

1 

I 

Potassic Iodide KI 

2-29 

1-70 

0-014 

1 

Ammonic Chloride Am 
01 

2-36 

1-078 

00165 

as given 
by G. 

Wiedemann. 

Silver Nitrate AgN Og . . . 

4-48 ^ 

2-18 ' 

0*0211 

Sodic Cliloride NaOl ... 

4-66 

1*201 

0-0234 

Hydro -potassic Car- 
bonate KHCOg 

8*54 

1*15 

0-0199 

Copper sulphate CuSO^ 

29-37 

1*208 

0-0241 


Zinc sulphate ZnSO^... 

21-35 

1*286 

J 



The above Table contains only the resistivity values corresponding to the 
ma-ximum conductivity in the case of the aqueous solutions of salts and acids. 
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TABLE IX. 


Electrical Volume-resistivity of Various Badly Conducting 
Liquids in Megohms per Centimetre-cuhe. 


Substance. 

Resistivity in 
megohms per c.c. 

Observer. 

T^jtbylic AlcnVir.1 

0-522 

Pfeiffer. 

FI thy lie Fjther 

1*175 to 3*760 

W. Kohlrausch. 



4 700 


Water - 

(1*446 atl4'‘C. 

Pfeiffer. 

F. Kohlrausch. 
r Estimated value by 
< Kohlrausch and i 
1 Heydweiler. 

rFrom results by F. 

J Kohlrausch and 1 
[ others. | 

1 

. at 10 u. 

Absolutely pure water h 

approximates probably j \ 25*0 at 18°C. 

in iJ 

All very dilute aqueous 
salt solutions having a 
concentration of about 
0*00001 of an equiva- 
lent gramme- molecule* 
per litre approximate to 

' 

- 1-00 at 18'C. 


^ An equivalent gramme-molecule is a weight in grammes numerically 
equal to the chemical equivalent of the salt. For instance, one equivalent 
gramme- molecule of sodic chloride is a mass of 68’5 grammes, since ISTaCl 
=68*5. 
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TABLE X. 

Volume resistivity of Solutions of Copper and Zinc Sulphate of 
Various Densities at 10*^0. in Ohms per Centimetre-cube. 

(Ewing and MacGregor,)'^ 

Sulphate of Copper. 


Density. 

Resistivity. 

Density. 

Resistivity. 

1*0167 

164*4 1 

11886 

35*0 

1*0216 

134*8 ' 

11482 

341 

1*0B1B 

98 7 1 

11679 

31*7 

1*0622 

59 0 

11829 

30*6 

1 0858 

47*3 1 

1*2051 

29*3 

1 1174 

1 

38 1 j 

(saturated) 

* * * 

1 


Sulphate 

OF Zinc. 


i Density. 

Resistivity. 

1 

I Density. 

Resistivity. 

1 0140 

182 9 

1 1*2709 

28*5 

1*0187 

140 5 

! 1*2891 

28*8 

1*0278 

111*1 

! 1*2895 

28*5 

1*0540 

63-8 

1*2987 

28*7 

1*0760 

50*8 

1*3288 

29*2 

1*1019 

421 

1*8530 

81*0 

1*1582 

83*7 

1*4053 

82*1 

1*1845 

821 ' 

1*4174 

88*4 

1*2186 

80 8 

1*4220 

83*7 

1*2562 

29 2 

('saturated) 

... 


Tram. Roy. Soc., Edin., Vol. XXVII., 1873. 


The resistivity values obtained by various observers for electrolytic con- 
querors do not agree at all well. The above values are not quite in accord 
with other results. 
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TABLE XL 

Electrical Volume-resistivity of Dielectrics expressed in Millions 
of Megfohms (Mega-megrohms) per Centimetre- cube, and in 
Megohms per Qnadrant-cnbe — i.e., a Cube vrliose side is 
10^ cms. 



Resistivity. 


Substance. 

Mega- 
megohms 
per C.C. 

Megohms per 
quadrant- 
cube. 

Temperature. 

Cent. 

Bobemian Glass 

61 

•061 

60“ 

Mica 

84* 

•084 

20“ 

Gatta-percha 

450* 

•45 

24“ 

Flint Glass at 60*0 

1,020 

1-02 

60“ 

Glover’s Vulcanised India- 
rubber 

1,630 

1-63 

15“ 

Siemens’ ordinary pure 
Vulcanised India-rubber 

2,280 

2*28 

15“ 

Shellac 

9,000* 

9-0 

28“ 

India-rubber 

10,900 

10-9 

24“ 

Siemens’ High Insulating 
Fibrous Material 

11,900 

11*9 

15'' 

Siemens’ Special High 
Insulating India rubber 

16,170 

16-17 

15“ 

Flint Glass at 20“ 0 

20,000 

20-0 

20“ 

Ebonite 

28,000* 

28 

46“ 

Paraffin 

34,000* 

84 

46“ 


The Yaluea of the resistivity of various dielectrics given in the aliov© Table 
can only be talcen as approximate. In most cases the obBorvers have not 
stated the time of imposition of the electric stress. Values marked C) are 
those given by experiments by Profs. A.yrtoa and Perry : On the ViscoKity 
of Dielectrics (Proc, Roy. Soc., March, 1878), “ after Roveral minnteH’ 
electrification.” 

The temperature coefiScients of the resistivities of dielectric conductors are 
very large ; in most cases far larger than those of the pure iriebal.M, and 
the apparent resistivity is also a function of the value and of the time of 
operation of the electromotive force . 
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TABLE Xn. 

Eesistances of various sizes of Platinoid Wire. 
(Loudon Electric Wire Company, Ltd.) 


Size. 

Diameter. 

Resistance (approximate). 

L.S.G. 

Inch. 

m/m. 

Per lb. 

Per 1,000 yards. 




Ohms. 

Ohms. 

8 

O-IGO 

4*064 

0-1241 

28-852 

10 

0-128 

3-251 

0-3031 

45-084 

12 

0-104 

2*642 

0-6957 

68-292 ; 

14 

0-080 

2*082 

1-9869 

115-416 ! 

IG 

0-064 

1-626 

4‘8520 

180-338 ; 

18 

0-048 

1-219 

15-3312 

320-601 

10 

0-040 

1-016 

31-7952 

461-664 ■ 

20 

0-036 

0-914 

48-4602 

569-952 

21 

0-082 

0-818 

77-6480 

721-368 : 

22 

0-028 

0-711 

132-4272 

942-192 , 

28 

0*024 

0-610 

245*8280 

1282-392 

24 

()'022 

0-559 

347-4720 

1626-184 1 

1 2/5 

0-020 

0-508 

508-7280 

1846-656 [ 

' 2 G 

0*018 

0-457 

775-8680 

2279-808 ' 

i 27 

0-0164 

0-417 

1125-2160 

2746-440 i 

i 28 

0-0148 

0-876 

1696-4880 

3372-264 1 

; 80 

0*0124 

0-815 

3442-8000 

4803-984 1 

i 82 

0-0108 

0-274 

5982-7200 

6332-904 ! 

! 84 

0-0092 

0-2887 

11862 

8727-120 i 

■ 8 G 

0-0076 

0*1980 

24898 

12789-640 i 

: 88 

0-0060 

0-1521 

62805 

20518-560 

! 40 

0 - 001 H 

0*1219 

158833 

32060160 ; 

i 42 

0-0040 

0-1016 

817904 

46166 

1 44 

0-0082 

0-0818 

784280 

72136 : 

1 40 

0-0024 

0*0610 

2458280 

12 B 289 i 

^ 47 

! 

0-0020 

0*0508 

5087280 

184665 j 
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TABLE XIII. 


Resistances of various sizes of Manganm "Wire. 
(London Electric Wire Oompan/, Ltd.) 


1 

Size. ! 

Diameter. 

Resistance (approxirniite). 

L.S.G. 

Inch. 

m/m. 

Per lb. 

Per IjOOO yards. 




Ob ms. 

Ohms. 

14 

0*080 

2-032 

2-027 

117-85 

16 

0-064 

1-626 

4-952 

184-17 

18 

0-048 

1-219 

15-652 

327-42 

20 

0-036 

0-914 

49-475 

582-00 

22 

0-028 

0-711 

135-175 

962-00 

24 

0-022 

0-559 

354-700 

1560-25 

26 1 

0-018 

0-457 

791-475 

2330-00 

28 j 

0-0148 

0-B76 

1731-750 

3442-60 

30 1 

0-012-1 

0-B15 

3514-250 

4907-50 

32 ' 

0-0108 

0-274 

C107-25O 

6467-50 

34 

1 0-0092 

0-2337 

11597-750 

8912-50 

36 

i 0-0076 

0-1930 

24904-600 

IBOCO 

38 

1 0-0060 

0-1524 

64100 

20955 

40 

0-0048 

0-1219 

166525 

32875 

42 

1 0-0040 

0-1016 

824550 

47150 

44 

1 0 OOS2 

0-O81B 

792375 

1 

73675 
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0*001825 

0-003016 

0*005364 

0-004266 
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0-02227 

0*03483 

0*05884 

0*08917 

0*01157 

0*01912 

0 03399 

0 06039 

0-09442 

0*1595 

0*2417 

0*03722 

,0«19 

Diameter of 
strand. 

In milli- 
metres. 
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Diameter of 
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TABLE XV. 

The Value of the Ohm. 
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TABLE XVI. 


Table of Eesistance of High Coaductivity Round Copper 
Conductors to Alternating and Continuous Currents. 




Size of stranded 
cable. 

Area in 
square inches. 

Eesistance in ohms per 1,000 yards. 

To continuous 
currents. 

To alternating 
currents. 

Frequency 100 '-x/ 
XJer second. 

7/18 

0 0126 

1-974 

1-974 

7/17 

0-0172 

1-452 

1-452 

7/16 

0-0225 

1*108 

1-108 

7/15 

0-0285 

0-878 

0-878 

7/14 

0-0351 

0-712 

0-712 

19/18 

0-0351 

0-712 

0-712 

19/17 

0-0477 

0-524 

0-524 

19/16 

00624 

0-401 

0-401 

19/15 

0-0789 

0-318 

0-318 

19/14 

0 0973 

0-257 

0-257 

19/13 

0-1289 

0-194 

0-195 

19/12 

0-1645 

0-153 

0-155 

19/11 

0-2048 

0-122 

0-1247 

19/10 

0-2500 

0-100 

0-1034 

37/16 

0-1227 

0-204 

0-2041 

87/15 

0-1551 

0-162 

0-104 

37/14 

0-1913 

0 131 

0-1334 

37/13 

0-2534 

0-099 

0-1024 

37 

0-3000 

0-083 

0-087 

37/12 

0-3235 

0-077 ! 

0-081 

37/11 

0-4000 

0-063 

0-068 

37/10 

0-4905 

0-051 

0-057 

61/15 

0-2582 

0-097 

0-1004 

61/14 

0-3185 

0-078 

0-082 

61/13 

0-4218 

0-060 

0-065 

61 

0-5000 

0-050 ; 

0-056 

61/12 

0-5385 

0-046 I 

0-052 

61 

0-6000 

0-041 1 

0-048 

61/11 

0-6476 

0-039 1 

0-0465 

61 

0-7000 

0-0357 

0-0435 

61/10 

0-8167 

0-0305 

0-0391 

91/13 

0-6354 

0-0385 

0-0458 

91 

0-7500 

00830 

0 0412 

91/12 

0-8111 

0-0305 

0-0391 

91 

0-9000 

0-0277 

0-0370 

91/11 

1-0000 

0-0250 

0-0350 
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TABLE XVII. 


Materials Used for Electrical Resistances. 


■ 

I Material. 

llebistance in microhms per ceuiimetre- 
cube at 0°C. 

Copper (hard drawn) ... 


1*626 

microhms. 

Iron (annealed) 


90 


German Siher 

From 

2l)-0 to 30-0 

i» 

Platinoid 

About 

40*0 

if 

Manganin 


42-0 to 46-0 

»» 

Resista 


760 


Beacon 

About 

80 0 

n 

Eureka 

»> 

40*0 


Cast Iron 


80 0 to 100-0 

1 i 

Steel 


16-0 to 50 0 

j » 

\ Graphite 


300*0 to 400-0 

>» 

1 Arc Lamp Carbon 


3,000 to 4,000 

»> 

Plumbago and Stour- 

>1 

100,000 


bridge Clay, about 
equal parts mixed and ! 
well baked. 



1 

Saturated Solution of 


29-3 xlOR 

n 

Sulphate of Copper. 


83-7 X 106 


Saturated Solution of 


7 ) 

Sulphate of Zinc. 


1-24 X 106 


Dilute Sulphuric Acid, 


tt 

1*2 density. 


ll-37xl06 


Sodic Sulphate Solution, 


»> 

15 per cent. salt. 







CHAPTER III 


THE MEASUEEMENT OE ELECTRIC CURRENT. 

1. Classification of Electric Currents. -Electric currents 
may be either unirlirectioncd—tYia,t is, flowing continually in 
one and the same direction, or altematino—tha.t is. periodi- 
cally changing their direction. . , . • i- 

The character of a current in a conductor is determined 
by the nature of the field of magnetic force associated with 
the conductor when it forms part of a circuit in which a 
current exists. If the direction of the field when tested 
in any manner at any point outside the conductor is always 
in the same direction, as indicated, say, by the behaviour of a 
small magnet held in the field, the current is tojoe 

tmidircctional or continuous. If the direction o ^ 
periodically changes, the current in the conductor is said to 

altirnating ov periodic. 

A continuous current may be either umform or unvarying 
or it may be intermittent or pvisatory. An alternating current 
may, in the same manner, be steadily perwdic, or it may be 

“ AlternltfnrcmrJrnts are furthermore divided into monophase 
and polyphase. In the first case the periodic current ex^ists 
in a single circuit; in the second case the circuit in which 
the current is created is a complex circuit, each elementary 
circuit of which is traversed by a periodic current, these 
various currents differing in phase— that is to say, not chang- 
irleir directions at the same instant, but preserving a 
constant phase difference with respect to each other. 


'SiO TEE MEASUREMENT OF ELECTRIC CURRENT. 


In the measurement of electric currents we are concerned 
with the determination of a quantity capable of having 
direction as w^ell as magnitude. The magnitude — or, as it is 
sometimes called, the strength — is measured by the degree 
to which some measurable physical effect is produced. The 
three most important physical effects accoilipanying or 
constituting an electric current are : (i.) The production of 
heat in the conductor; (ii.) the production of a magnetic 
held around and in the conductor ; and (iii.) the production 
•of an electrolytic effect in liquid conductors of a certain 
hind forming part of the circuit 

Other things being equal, the heating effects of an unvary- 
ing current increases as the square of the current when 
irneasured in either of the other two ways. That is to say, 
if there be two currents which, when respectively passed 
through the same circuit, produce magnetic forces at any one 
point in the ratio of 1 ix, they produce in the same time 
^chemical decompositions of a given electrolyte inserted in 
the circuit which, measured by the masses of a liberated ion, 
are in the ratio of 1 : x. These two currents, however, will 
produce in any part of tlie conducting circuit quantities 
of heat which are in the ratio of 1 : x\ Two currents are 
said to have the same mean square value if they produce in 
the same time and in the same conductor the same total 
quantity of heat. 

If a current is periodic or alternating, its effective or virtual 
value, estimated in its equivalent of continuous current, is that 
of the unvarying and unidirectional current which will pro- 
duce in the same conductor the same heat in tlie same time. 
This effective value is also called the root-mean-squarc (RM.S.) 
value, because it is equal to the square root of the mean of 
the squares of the instantaneous current values taken at 
equidistant and very near intervals of time throughout one 
complete cycle. The true mean (T.M.) value of a current is 
the arithmetic mean of its instantaneous values taken at 
CQui distant intervals of time throughout any period. 
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We have, therefore, three methods of measuring a current, 
which may be called respectively the thermal, the magnetic, 
and the chemical methods. 

The definition of the absolute unit of current in magnetic 
measure is thus given : — 

Let a thin conducting wire be bent into a circle having 
a radius of r centimetres, and let the pole of a very long 
linear magnet of strength m be placed at the centre, the 
other complementary pole being at a considerable distance. 
Then, if the mechanical force on the magnetic pole placed 
at the centre is measured in absolute units of force (in dynes), 
and is represented by/, the absolute magnetic measure of the 
current (0) is determined by the relation 

c=> . 

2irm 

The absolute electromagnetic (O.G-.S.) unit of current is 
therefore the current which, when circulating in a circuit of 
unit radius, exerts on a unit magnetic pole placed at the 
centre a force of 27r dynes. The j)ractical unit of current 
(the ampere) is one-tenth of the above electromagnetic unit 
in magnitude. 

The Standard or International Amjpere, as already explained, has been 
officially defined as the current which, when passed through a solution of 
nitrate of silver, made according to a certain specification, deposits 0*001118 
of a gramme of silver per second on the cathode.* As previously pointed out, 
there is reason to believe that the unit of current called the International 
ampere is smaller by about 1 part in 1,000, or 1 part in 800, than the unit of 
current or ampere defined as one- tenth of the absolute C.G.S. unit of current. 
This view is confirmed by the discrepancy between the values of the mechanical 
equivalent of heat, or, as it should be called, the dynamical value of the 
specific heat of water when determined mechanically and electrically. In the 
determination of the above equivalent by electrical methods, values obtained 
by Griffiths exceed those of Rowland, made by mechanical or frictional 
methods, by about 1 part in 400 at all temperatures between ISdeg. and 20deg. 
on the nitrogen gas thermometer scale. Those of Schuster and Gannon exceed 
those of Rowland at 19*ldeg. on the same scale by 1 part in 600. Since the 
current enters as a square, it follows that the above discrepancies would be- 
reconciled' by the substitution of 0*0011191 or 0*0011194 for the electro- 
chemical equivalent of silver, instead of 0*001118, as now adopted. 

* For the electro-chemical equivalents of other metals see Table IL, p. 420, 
at the end of this chapter. 
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A careful series of experiments by Patterson and Guthe at Michigan in 
1898,* showed that the most probable value of the ampere-second silver 
equivalent is 0’0011192 gramme, and hence a corresponding change must be 
made in the E.M.F. at 15°C. of the Clark cell, which is thereby reduced to 
1*4327 International volts, instead of 1*4342, as now accepted. 

Dr. K. Kahlef has investigated carefully the silver voltameter, and finds 
that the electro-chemical equivalent obtained for silver varies slightly with 
the age of the nitrate of silver solution. He states that with a freshly pre- 
pared solution the ampere-second equivalent is very nearly 0*0011182 gramme 
and with an old solution 0‘0011193 gramme. Some small degree of uncertainty 
Therefore exists as to the actual relation between the International and the 
True or theoretical ampere, similar to that which occurs in the case of the 
International and True ohm. 


§ 2. The Measurement of Current by the Electrolysis 
of a Solution of Copper Sulphate. Standardisation of an 
Ammeter. — The employment of a solution of sulphate of 
copper as the electrolyte enables an electrochemical deter- 
mination of a current to be made with less initial outlay than 
when silver is used. With certain precautions a high degree 
of accuracy can be obtained. In order that any great degree 
of exactness may be reached in the measurement of a current, 
it is essential that the current shall be as nearly as possible 
constant. To standardise an ampere-balance or ammeter — 
that is to say, to determine the true value in international 
amperes corresponding to an observed scale reading — we 
proceed as follows : — 

The current should be provided from large secondary 
cells which have been slightly discharged — that is, about 
1 0 per cent, of their full charge taken out. The ammeter or 
ampere-balance to be standardised should be joined in series 
with the cells and with a regulating wire resistance and a 
carbon rheostat (see page 81), by which to make very small 
variations in the resistance of the circuit: 

This circuit must also include an electrolytic cell contain- 
ing a solution of sulphate of copper. The electrolytic cell 
found most convenient is a round glass jar about 30cm. high 

* See Proc. Anier. Assoc., 47, pp. 154-175, 1898 ; also Scwice Abslntcts, 
Vol. IL, pp. 39 and 762. 

t Zeitschr, IniirumentJc,^ 18, 1898, pp. 229-240 and 267-276. 
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and 20cm. in diameter. This is placed on a slab of wood 
at the sides of which are two vertical wooden rods carrying 
brass forked strips which project over the top of the jar 
{see Fig. 1). One of these forks may have three prongs 
and the other one two. To these prongs are clanaped by 
brass clamps the copper anode and cathode plates. Each 
plate can be separately removed from the solution. It is 
convenient to make the two-prong brass fork the cathode. 
To these forks large screw terminals are attached. The 
solution placed in the electrolytic cell is made by dissolving 



I’lQ. 1. — Voltameter for Current Measurement by the Electrolysis of 
Copper Sulphate. 

pure re-crystallised sulphate of copper in distilled water 
until a density of 1*15 or 1*18 is obtained. One per cent, 
by volume of pure sulphuric acid is then added. This 
addition of free acid is absolutely necessary to obtain good 
results. No satisfactory determinations can be made with 
neutral solutions of sulphate of copper. In any case the 
density of the solution should be between 1*1 and 1*2. 
The copper plates should he cut from liigh-conductivity 
pure electrolytic copper, and should be 15cm. long and 
5cm. wide. The corners of the plates should be neatly 
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rounded off and all burr, on the edges removed. Each 
plate should be stamped with a number in one corner for 
recognition, and have a hole near the top edge by means of 
which the plate can be handled with a wire hook. 

The number and size of these plates to be employed in 
each experiment is determined by the current to be measured. 
To obtain an adherent and regular deposit of metal on the 
cathode plate, it is necessary that the surface exposed should 
exceed 20 sq. cm. per ampere. An exposed cathode surface 
of 50cm. per ampere gives excellent results.* 

If, then, the cathode plates are of the dimensions above 
given and are placed in the electrolyte lOcm. deep, the 
exposed surface on each plate, assuming both sides used, 
will be 100 sq. cm., and each plate will be good for 
2 amperes. The plates selected as cathodes have then to 
be clamped to the cathode fork so that each row is included 
between two rows of anode plates, and the number so selected 
that the above-mentioned current density is not exceeded. 
These preparations being complete, the cathode plates have to 
be very carefully cleaned and weighed. The cleaning is best 
performed by placing the plates in a flat porcelain dish and 
covering them with strong commercial nitric acid. This 
immediately evolves copious nitrous fumes, which are very 
deleterious, and hence the process should be conducted in the 
open air or in a well-ventilated fume cupboard. The experi- 
mentalist should carefully avoid inhaling the nitrous vapours. 
The plates having been left in the acid for a few minutes, 
or until the acid boils violently, are fished out by the aid of 
a stout copper wire and dropped into a large jug of clean 
water. Each plate should then present a clean, briglit salmon- 
coloured surface, without a trace of brown oxide upon it on 
either side. If the plates are newly cut from sheet copper it 
will generally be necessary to give them a good scouring with 
emery-cloth and water before treatment with tlie nitric acid. 

See Mr. A. W. Meikle, “ On the Electrolysis of Copper Sulphate in Stan- 
dardising Electrical Instruments,’* Proc. Phys. Soc, of Glasgow University, 
Jan. 27, 1888. 
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Unless the plates are clieinically clean the electrolytically 
deposited copper will not adhere to them. 

The plates, having been cleansed and washed copiously 
are then to he dried between clean white blotting paper as> 
quickly as possible, and completely dried in an air oven 
or ill a dessicating vessel. When thoroughly dry, each plate 
must be weighed on a good chemical balance, and its weight 
recorded. In so doing, the plate must not be touched with, 
the fingers, but be handled by a clean copper wire thrust 
through the hole in the plate. When dried and weighed 
the plates should, as soon as possible, be placed in the 
electrolytic cell and the experiment commenced. The circuit 
must be completed so that the same uniform current flows 
through the ammeter to be calibrated, and the electrolytic 
cell and the weighed plates must be made the cathode or 
negative pole of the cell so that the current deposits copper 
upon them. The time when the circuit is closed must be 
noted on a good chronometel', and the current must be kept 
lierfectly constant, as indicated by the 'observed reading of 
tlie ammeter, for a time varying from one to four hours. 
The circuit is then opened, and the time of so doing is noted. 

The weighed plates should then at once be removed from 
the electrolytic cell, be washed copiously in water, and be 
again dried and weighed. The deposit of electrolytic copper 
should be a bright, clean and adherent film of metal. The 
increase in weight of each plate is noted, and the total 
deposit of copper in an observed time thus found. The 
increase in weight in grammes per second can then at once be 
calculated. This last figure, divided by the electro-chemical 
equivalent of copper, gives the mean value in amperes of 
the current, or true time average of the current during the 
experiment. 

It was found by experiments conducted in Lord Kelvin’s 
laboratory at Glasgow University that the electro-clicmical 
equivalent of copper varies with the temperature of the 
electrolyte and with the current density. Hence, in leckoiiing 
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out results the proper electro-chemical equivalent must bo 
employed as given by Mr. Meikle. The electrochemical 
equivalent in grammes per ampere-second is a number not far 
from 0*000328, and it diminishes very slightly both with rise 
of temperature and increase of cathode surface per ampere. 


The Electro-clmniccd Equivalent of Copper in grammes per 
awpicre-sccond. 


Area of cathode 
surface in 
square centims. 
per ampere. 

Temperature of electrolyte. 

2“C. 

12°C. 

23‘’C. 

28“C. 

35°C. 

50 

•0003288 

•0003287 

•0003286 

•0003286 

•0003282 

100 

•0003288 

•C003284 

•0003283 

•0005281 

•0003274 

150 

•0003287 

•0003281 

•0003280 

•0003278 

•0003267 

200 

•C003285 

•0003279 

•0003277 

0003274 

*0003259 

250 

•0003283 

•0003278 

•CO03275 

•0003268 

•C003252 

300 

•0005282 

•0003278 

•0CQ3272 

! *0003262 

•C003245 


If accurate results are to be obtained, the following precautions must be 
taken in the employment of the copper voltameter as a means of measuring 
the time integral of a continuous current : — 

No satisfactory results can be reached unless the copper sulphate solution 
contains free sulphuric acid. On the other hand, copper plates placed in this 
solution lose in weight at a rate depending on their immersed surface. The 
plates must, therefore, be most carefully freed from all traces of oxide before 
being used as the weighed plates. The anode plates should also be cleaned, 
but it is not necessary that they should be of such pure copper as the 
cathode plates. If, however, the electrolyte is to be frequently used, it is 
desirable to employ electrolytic copper for both sets of plates. It is 
important to round off the edges and make the cathode plates very smooth, 
so as to avoid producing a rough deposit of copper or one nodulous or uneven. 
The plate is then not so easily dried, and there is a risk of biaall particles of 
copper being detached. 

It need hardly be said that in conducting the observations a good and 
correct watch or chronometer must be used for determining the time during 
which the experiment lasts. 

The copper voltameter may be advantageously employed in evaluatmg a 
steady continuous current and in standardizing an ampere-balance, but it is 
not so well adapted for current measurement when the current cannot be 
kept constant for considerable periods of time. 

With the above precautions, however, there is not the slightest difficulty in 
determining the true value of a steady unidirectional current of the order of 
10 amperes to within one quarter per cent., and with a little care to within 
one part in a thousand. 
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§ 3. The Measurement of Current by the Electrolysis 
of Silver Nitrate. — The measurement of the time integral 
of a current when the current is of the order of about one 
ampere or so, is best effected by the employment of a solution 
of nitrate of silver, as silver has a higher atomic weight than 
copper, and, moreover, is a monad element. Hence the mass 
of silver deposited by a given current is nearly three times 
that of the copper deposited in the same time. Accordingly 
tliere is more mass to weigh, and hence, on that account, a 
greater possibility of accuracy when dealing with small 
currents. 

On the other hand, the materials used are expensive 
compared with the copper method, and there is con^ 
siderably greater difficulty in washing and drying the 
silver deposit. From a neutral or nearly neutral solution 
of silver nitrate the deposit of silver on a platiiiimi cathode 
is apt to be nodulous, crystalline or non-adherent. This 
irregular deposit occludes small particles of the salt or 
solution and it is not easy to wash the deposit so as to 
secure perfect removal of the salt without washing away 
some of the metal. 

The full detailed specification for performing the operation 
of electrolysis of silver nitrate in current measurements has 
already been given {see Chap. I., p. 57), hence there is no need 
to repeat the details. 

A very careful investigation by Dr. K. Kahle (see Science Abstracts^ Vol. IL, 
p. 41, or Zeitachr. InstrumentJe., 18, p. 229, 1898), was conducted with the 
special object of seeing how far the silver voltameter can be relied upon 
for standardising current. In the course of 115 measurements the amount 
of silver depofeited by the same current acting for 40 minutes varied 
from 0-97134 grammes to 0*97473 grammes. With great care an accuracy 
of 1 part in 10,000 can be obtained. A clean platinum surface receiver 
rather less deposit than an existing surface of silver, and fresh solutions of 
silver nitrate deposit less easily than old ones. To free the silver deposit of 
all silver nitrate solution repeated cold water washing and one final washing 
in water at 80® C. is necessary. 

Dr. Kahle’s value for the mass of silver deposited per ampere-second is 
0-0D11195 from an old solution and 0*0011182 from a freshly-prepared 
solution. 


348 


THE MEASUREMENT OF ELECTRIG CURRENT. 


The reader is referred for farther information to the 
following original Papers: — 

Lord Eayleigh and Mrs. Sidgwick. ‘‘ The Electrochemical 
Equivalent of Silver.*’ PUL Trans. Boj. Soc. Lond., 
1884. 

K. Kahle. “The Silver Voltameter and Standard Cells.” 
ZeiUclirift far Instntmentenkimde, 18, 1898, pp. 229, 267. 

H. S. Carhart. “ Standards of Measurement.” Science^ S 
p. 326, 1898. 

G. W. Patterson and K. E. Guthe. “ Electrochemical 
Equivalent of Silver.” Proc. Amer. Assoc., 47, p. 151, 1898. 

T. W. Bichards, E. Collins and G. W. Heimrod. “Electro- 
chemical Equivalents of Silver and Copper.” Proc. Amer. 
Acad., 35, p. 123, 1899. Scieyice Abstracts, Yol. III., ix 332, 

G. F. C. Searle. “ The Silver Voltameter.” The Electrician, 
Vol. XXIX., p. 111., 1892. 

Mr. Searle here discusser the various advantages and disadvantages in 
using different salts of silver. 



Fig. 2. — Silver Voltameter for Current Measurement. 


The practical details to which attention must be directed 
in making a current determination by the silver voltameter 
are referred to in the above-mentioned article l)y Mr. Searle. 
The deposit is best made upon the internal surface of a 
carefully cleaned platinum bowl (sec Fig. 2). The anode 
should be a plate of pure silver wrapped in white filter paper. 
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The washing, drying and weighing of the silver deposit are 
to be conducted in accordance with the specification given 
on p. 58, Chap. I. of this volume. 

§ 4. Standard Current Measuring Instruments.— Although 
the official or practical method of determining the value of a 
•current is based upon an electrolytic definition, it is more 
convenient in ordinary work to rely upon a standard current 
measuring instrument which operates in virtue of the mag- 
netic properties of a current-conveying conductor. These 
instruments may be of such a form that the absolute measure- 
ment of a current can be made when the geometrical form of 
the circuits is determined. In this case it is called cm cibsohiU 
standard current-measuring instrument. Of this type are 
the absolute tangent galvanometer, or the absolute electro- 
dynamometer or absolute current balance. 

On the other hand, the instruments may be so constructed 
that, whilst the same current invariably gives ‘the same 
indication, the ampere or absolute value of the current cannot 
be determined until the instrument has been standardised by 
passing through it a current the value of which is electro • 
lytically determined. To this latter class belong the various 
■forms of ampere-balance and standard electro-dynamometer 
already described in Chap: I. 

It will seldom happen tliat it is necessary in an ordinary 
•electro-technical laboratory to make an original re-determina- 
tion of the unit current by means of an absolute instrument, 
but it may be convenient to collect here a few elementary 
principal facts involved in the construction of absolute 
galvanometers. 

Magnetic Fields of Current-conveying Conductors of Various 
Forms. — (i.) Singh Circular Conductor, — If a very thin wire 
is bent into a circle of one turn, the mean radius (r) of 
the circle being large compared with the dig-meter of the 
wire, and if a uniform current is sent through the conductor, 
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tlie magnetic force (F) in C.G.S. units at the centre is given 
by the expression 

-p_ 2xA 
lOr’ 

where A is the ciUTeiit in amperes through tlie conductor and 
r is the mean radius of the circle in centimetres. If the 
point P selected is not at the centre of the plane of the 
circle, but is a point on the axis or line drawn through that 
centre at riglit angles to the plane of the circle, and distant x 
centimetres from the centre, then the magnetic force there is 
given by the expression 

27rA 

== ITf • 

If we write u for the above becomes 

-p 27rA ^ 

10 

where A is the current in amperes through the coil. The 
above formula may also be written 

where 0 is the angle subtended by the radius r at tlic point P. 
The expression for the magnetic force due to a circular 
current at ti point not on the axis is more complicated, and 
for the detailed proof of the following formuhe the reader 
must he referred to other sources of iufonnation. {See 
Mascart and Joubert's “Electricity and Magnetism,'' English 
translation by Atkinson, Vol. IT., p. 90, § 730 et scq.) 

Let r be the radius of a thin circular wire carrying a current, and x and y 
the co-ordinates of a point P outside its plane, the centre of the circle being 
the origin and the axis through the centre perpendicular to the plane of the 
circle taken as the axis of x. Let X and Y be the components of the 
magnetic force at P parallel respectively to the axes of x and y, when on© 
absolute or C.G.S. unit of current ( = 10 amperes) flows through the wire. Let 
+ as above. Then it can he shown that, if y is small compared 
with w, we have, approximately, 




3 r^) 45 (r^ - 1 2r^x^ -h Sx^) 

4 64 
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The above expressions hold good on the assumption that po^vers of the 
ratio yju above the fourth may he neglected. 

The resultan t magne tic force at the point P outside the axis is given by 
the value of "H and the inclination 9 to the rr-axis by tan 9 = Y/X,. 

If the point P is tahen in the plane of the circle, then the force at any 
point not far removed from the centre by a distance y is given by ruahiug 
a: = 0 in the above expressions for S and Y. We have then, approximately, 


s=?zrri+?f 


T=0. 


The above formulae are only true when y is very small compared with r. 
When this is not the case Y is no longer zero. 


(ii.) Solenoid . — Let insulated wire be wound closelj in one 
layer over a cylinder of length 21, so as to cover the whole 
cylinder. Let r be the mean radius of one circular turn. 
The niagnetio force at any point oh the axis of the cylinder 
may be considered to be the sum of the actions due to a 
number of circular currents. Take the centre of the cylinder 



as origin, and consider the force at a point P (see Fig. 3) on 
tie axis due to one single circular turn at C occupying a 
length & on the cylinder. Let the distance OP = :r. Suppose 
there are N turns of wire on the cylinder ; then the iiumher 
of turns per unit of length is N/2Z, and the number in a length 

Sx Hence the magnetic force in absolute units due 

2il 

to tlu3 single turn when a current of A amperes traverses the 
wire is given hy the expression 

“ 201 ' {r^-+xY 

Accordingly, the magnetic force at P due to the whole 
solenoid is 

P_2-;rNA r^Sr 

“20r J 
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wliei'G a=the distance of P from the nearest face of cylinder 
.=AP. 


/i 


Omitting the constant of integration the value of the integral 




IS 


Let us call the above integral the cosine of an angle, say cj). 
Hence, 

27rNA/ (1+21 a \_ 27 rHA 

20r (v7-+(a+202 “v^aV <*'' )> 

where cj) and 0' are the angles subtended by tlie radii of the 
two circular ends of the cylinder at P. 

Suppose we take the point P in the centre of an infinitely 
long solenoid, and call the length of the cylinder L. Then 
•cos (J) approximates to 1 and cos <p' to ~L Hence, at the 
•centre of the long solenoid we have a magnetic force F given 
by the equation 

p _ 47rHA _ 1:^ amp(a’o-turns 


lOL 


leind/h 


Or, the magnetic force in the centre is equal to 47r/l() times 
.the ampere-turns per unit of length of the solenoid. 

The above equation holds true approximately for a solenoid 
the length of which is, say, 20 times its diameter except at 
regions close to the ends. 

It is easily seen that, the case of a long solenoid, the 
force at the centre is just double that at tlie mouth or 
entrance to the solenoid, taking the points on the axial line. 

The above formula is also very nearly true lor a self-closed 
• or endless solenoid. The calculation of the magnetic field at 
points not on the axis outside cylindrical solenoids or circular 
conductors conveying currents invoke? mathematical pro- 
•cesses of a difficult kind, and the reader must he referred Co 
-advanced treatises on the subject. 

§5. Absolute Galvanometers.— -An absolute galvanometer 
•consists of a coil of insulated wire wound in such a form that 
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the field due to a current through it can be calculated at an 
assigned point. If this coil is arranged so that the coil field 
a,t the stated point is at right angles to a known and constant 
field, such as that of the earth, at the same point, then the 
ratio of these field strengths can be determined by placing at 
that point a small magnetic needle and observing its direction. 

Let 0 (Lig. 4) be a circular coil of wire, and let F be the 
magnitude and direction of its field at the point P. Let the 
coil be arranged so that F is at right angles to the magnetic 
field H due to the earth ; tlien if a small magnetic needle is 
suspended freely at P, it will set its axis in a direction 
inclined to the magnetic meridian by an angle 9, such that 



F/H= tan 9. The current through the coil, reckoned in 
amperes, is proportional to the magnetic force F at any point. 
Hence, if G- is a constant depending on the geometrical form 
of the coil, we may write 

F=GA. 

H 

Hence, 

Gr 

The quantity H/Gr is called tlie galvanometer clefiectional 
constant. 

Accordingly, if the space distribution of magnetic force 
due to the current in the coil is of such a nature that every- 
where in the region occupied by the magnetic needle it is 
at right angles to the magnetic force due to the earth and of 
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constant value, the deflections are strictly proportional to the 
tangents of the angles of deflection, and the instrument is 
called a tangent galvanometer. 

Suppose, for instance, that an exceedingly large circular coil of wire of one 
turn has a very small horizontal magnetic needle hung exactly at the centre 
of the coil. Let the needle not exceed in length one-hundredth of the 
radius (r) of the coil. Let the coil be placed with its plane in the magoetic 
meridian. Then the magnetic force F at the centre of the coil due to a 

2‘jr A 

current of A amperes flowing in the wire is Hence, for this coil 

G = 27r/10r ; and if the magnetic needle takes a deflection 6 under a terrestrial 

horizontal force H we have A=i5?5 tan 6. 

27r 

An arrangement of this kind constitutes an absolute tangent galvanometer, 
because we can determine the value of the current absolutely from measure- 
ments of r H, and 6. 

Consider next the case when the magnetic needle is placed with its centre 
.at a point on the axis outside the plane of the circular coil of one turn, and has 



a length not very small compared with the radius of the coil. Let the current in 
the wire be 10 amperes or a unit (C.G.S.) current. Let ah (Fig. 5) be the coil seen 
in section and let the magnetic needle m have a length 21 and be placed with 
its centre at P, at a distance x from the centre of the coil. Let each pole 
of the needle have a strength, m. Then each pole is acted upon by two 
forces wiXi mYi, mX^ W 1 Y 2 , the values of X and Y being determined by the 
co-ordinates of the pole, and are as stated in equations (i) and (ii) in § 4 on p.350. 
This system of forces resolves itself into one resultant force and one resultant 
couple. If, however, the centre of the needle is constrained to remain at P, 
then we need only consider the couple. This couple may be called D, and it 
has a value such that 

I)=wZ(Xi+X 2 ) cos (Y 1 +Y 2 ) sin 0. 

By substituting the proper values of Xi Yi, &c., obtained from the equations 
above mentioned on p. 350, it is not difficult to show that 

D=2^^fM COB efl + 5 - 5 sW eL 

L 4 w- 

64 m‘ VJ‘ 
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In the above equation r is the radius of the coil and v?='fi+x^, and it is 
Essumed also that I is so small compared with u that we may neglect powers 
above the fourth of the ratio Iju. Also, M is written for 2mZ or the moment 
of the magnet. 

If the coil is placed with its plane in the magnetic meridian, then the 
opposing or controlling couple due to the earth is MH sin 9. If the coil 
consists of many turns of insulated wire wound on a square-grooved circular 

frame, then in place of the factor we have to write a more complex 

function G, which is obtained as follows : — 

Let the windings of the coil be in a square groove having a length % 
parallel to the axis of x and a depth 2c=r'' -t' parallel to the radius of the 
coil. Let there be n turns of wire per unit of length of the groove. Consider 
first, one single layer forming a short solenoid or diameter 2r. It has already 
been shown that the magnetic force at P due to unit current in this coil 
would be expressed by 

2 «x r — ~|. 

L Ayr--j-(ic4-6)- V r® 4- (a: - 6)'^-* 

To obtain the magnetic force due to the whole of the windings we have to 
integrate the above expression between the limits rzzr" and r=r' and obtain 
the value of G from the expression. 


0=27m2 


ft 




x-h 




-6)^ 


= 27r77/‘'^ 




y'' + J r"^+{ot.-i-bf \ 




Eeturning to the expression for the value of the couple D 
exerted by the unit current on the needle placed with its 
centre at P. It is seen that if the ratio l/tc is so small that 
we can neglect powers of it above the second, then we can 
make the correcting factor in the square bracket due to the 
finite length of the needle reduce to unity, either by making 
4:X^ = t^ or by making 1 — 5 sin^ 0=0. 

The first condition is complied with by placing the centre of 
the needle at a distance from the plane of the coil equal to 
half the radius r, and the second hy making the reading 
as nearly as possible in the neighbourhood of the angle 

sin-' 6 = d' = 26° 4'. 

\5 

aa2 
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We may, then, summarise the above results as 
follows : — 

If a coil of insulated wire wound in a square-sectioned 
groove is placed with its plane in the magnetic meridian, and 
is traversed by a current of A amperes, it exerts a magnetic 
couple on a needle placed with its centre at a point on 
the axis of the coil which is determined by the equation for 
D given at the bottom of p. 354. Let this ec^uation be written 

-pv AGrj\4 cos 0 r-t t TTl 

i>= — ^ — [1+n 

where G is the coil constant or value of the magnetic force 
due to unit C.G.S. current (10 amperes) in one turn of the coil 
at a point on the axis, and K is a correcting factor for the 
distribution of the force at points not on tlie axis. This 
couple is balanced against the couple MH sin 6 due to the 
action of the terrestrial magnetic force on the needle. Hence 
we have 

G(i+rj- 

If the needle is placed with its centre at a distance from the 
plane of the coil equal to r/2, then the correcting factor K is 
reduced to a value 

j§,i;(l-14»a*0+21sm«e), 

on the assumption that powers of Ijr above the fourth may 
be neglected. If the length of the needle is not greater than 
say one-twentieth of the mean radius of the coil, then K 
becomes sensibly zero and the tangents of the deflections of 
the needle are proportional to the currents flowing through 
the coil. 

If the tangent galvanometer consists of a single circular 
coil of mean radius r, and having the wire wound in n turns 
in a square-sectioned groove of width 2a and radial depth 26, 
also having a magnetic needle of length 21 placed at its 
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centre, the value for the current in amperes (A) creatin; 
deflection is approximately given by the equation 


2 a 


A= 


.lOrH 

Ittii 


(..In- -oA, . 


In the above eq^iiation it will be sufficient to take 21 as 
equal to 0*82 of the full length of the magnetic needle. 
{See F. Kohlrausch, “Physical Measurements.’') 

A tangent galvanometer of the above type is employed 
generally in the Postal Telegraph Department. 

Helmholtz Standard Tangent Galvanometer. — A better 
and more practically convenient form of tangent galvano- 
meter is that devised by Von Helmholtz. In this instru- 
ment there are two large circular coils of insulated wire, the 
wire being either wound in a square groove in the edge of a 
wooden ring or wound in one layer on the edge of a ring 
which forms the frustrum of a cone. These coils are fixed at 
a distance apart equal to the mean radius of either coil of 
wire. If the wire windings lie on the frustrum of a cone the 
cone angle is selected so that the apex of the cone is the mid- 
point betw^een the coils. Every turn of wire then complies 
with the condition that it is separated from another equal 
circular turn in the other coil by a distance equal to the 
radius of either. This latter arrangement of the winding is 
most suitable for an absolute instrument. These coils are 
fixed to a base so that, whilst remaining at the fixed distance 
apart, they can be turned round on axes perpendicular to and 
passing through the mid-point. At the middle point is 
placed a compass-box containing a short magnetised needle 
having attached a long aluminium index needle moving over 
a circular scale of degrees. Otherwise the magnetic needle 
may be suspended by a fibre of cocoon silk and have attached 
to it a mirror. If the compass needle has the ordiimry jewel 
centre suspension some device should be added to lift tlie 
needle off its pivot when not in use. The length of the needle 
should not exceed one-twelfth of the radius of either coil. 
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To use the instrument it is placed at a distance from all 
iron or magnets, and the current to he measured is conveyed 
to it through a length of concentric cable, or through insulated 
wires twisted together. The current then flows through the 
coils in such a manner as to produce a uniform field in the 
space between the coils. The needle then takes a deflection, 
the tangent of which is proportional to the current. The 
instrument must be so oriented that if the current is reversed 
the angular deflection of the needle from the plane of the 
meridian is in both cases the same in amount though opposite 
in direction. 

If, then, the dimensions and disposition of the windings is 
known, the value of the current can be calculated when the 
magnitude of the earth’s horizontal magnetic force H is 
known at that place. Very roughly speaking, this has a value 
lying between 0*15 and 0T8 C.G-.S. units in Great Britain ; 
but its value at any given spot in a laboratory may be greatly 
affected by the neighbourhood of iron pipes or masses of iron. 
Hence, a standard tangent galvanometer can only be employed, 
for purposes where accuracy is required, in a special room set 
apart for its use and where facilities also exist for determining 
the value of H as often as required. This constant can, 
however, be determined with a fair degree of approximation 
as follows : — 

Provide a cylinder of steel carefully magnetised longitudi- 
nally and measure (in cms.) its length I and mean diameter d. 
The moment of inertia I of this cylinder round an axis throngli 
its centre and perpendicular to its own axis of symmetry is 


I 



where W is the weight of the cylinder in grammes. If this 
cylinder is suspended in a paper stirrup by a few threads of 
floss silk and set in vibration round a vertical axis, it is easy 
to determine, from the time taken to execute, say, 50 complete 
vibrations, the time t of one vibration. If, then, M is the 
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magnetic moment of the magnet, it can be shown thut 

‘-'VSr* 

Hence, 

Then let this magnet be placed in a position with Its ax in 
in a horizontal line passing at right angles to the ineridinu, 
through the centre of the tangent galvanometer necuilc, anid 
with its centre at a distance D centimetres from thc^ ncjcjdh'- 
pivot. Observe the deflection 0 produced on the galvancmH‘.tt?r 
needle. It can be shown that 


where L is the “magnetic length” or distance betw(*cui iJkj 
poles of the cylindrical magnet and D the distance of the 
centre of the deflecting magnet from the centre of ilm 
galvanometer needle ; and the assumption is made that. Ljl) 
is a quantity so small that its squares and higher i:)r)Wf*r.s tunt 
be neglected. 

From the two equations for MH and M/IT W(‘, e.aii hiul nt 
once the value of H, by taking two sets of observatiouH wiiJi 
the magnet at different distances, and IVcnu tin* 

galvanometer needle and then eliminating L from the fwo 
equations so obtained, viz. : 

H 2 V^'^2D7/ 

H “2 '^2I)p 

from which L may be eliminated. 

The above equations may be written 


H 213^2 - 


tanOj, 


* the Appendix of a book entitled “Magnetb and Electric- C 
by J. A. Fleming. 
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from which we obviously have 

M 1 tan tan 02 

H “~2 * 

Hence the ratio M/H is easily calculated when 0^ 02 

are found. 

Having, then, the value of the ratio M/H and that of the 
product MH, we obtain at once the value of H. 

The values of G (the coil constant) having been calculated 
as already explained, and H determined as described for the 
locality, we can obtain the ampere value of a current creating 
any observed galvanometer deflection. 

Standard galvanometers in which fixed coils and magnetic 
needles are used are, however, almost useless as exact measur- 
ing appliances unless placed in buildings set apart for the 
purpose, into the construction of which no iron enters. In 
ordinary laboratories warmed with iron hot-water pipes or near 
engines and boilers or machinery, the value of the local 
terrestrial magnetic force is so constantly varying in amount 
and direction that the standardization of the instrument 
changes almost from moment to moment. Hence the use 
of the tangent galvanometer under these circumstances as an 
instrument of precision is as impossible as would be the use 
of the balance if the mass of the standard weights of com- 
parison were changing from moment to moment. 

§6. The Electro-dynamometer. — A most valuable substi- 
tute for the standard galvanometer in the precise measurement 
of current is the standard electro -dynamo meter. In this 
instrument, as in the commercial form, there are two coils 
of wire, one fixed and the other movable. In standard 
instruments both these coils take the Helmholtz form — that 
is to say, they consist of two equal separate circular coils 
placed witli their planes parallel to one another and fixed at a 
distance equal to the radius of either. The movable coil is 
suspended by a bifilar suspension consisting generally of the 
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two wives by which the current enters and leaves this movable 
coil. The coils are held normally with their axes at right 
angles and centres coincident. When one and the same 
current is passed through the coils, the electrodynainic forces 
tend to trim the coils so that their axes are more in the same 
direction^ and this torque is resisted by the bihlar torque. 

The theory of the electro-dynamometer has been given by 
Clerk Maxwell (see "'Electricity and Magnetism,” Vol. IT., 
1>. 8:17, 2nd edition). The reader is also referred to an 
excellent series of explanatory articles by Mr. G. F. C. Searle, 



Fig. 6. 


on the determination of current in absolute measure in The 
Mectrician, Vol. XXVIL and Vol. XXVIII., for 1892. From 
these sources the following abbreviated analysis has been 
tukmi :■ — 

Consider, in the first case, the electro-dynamometer to 
couBist of two coils only (see Fig. 6). 

l.c^.t the inner coil a be the suspended coil, and let its 
diameter be small compared with the outer or fixed coil A. 

Let (L be the galvanometer constant of the large coil, le., the 
tnagn(*tnc force at the centre due to unit absolute current 
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flowing in it. Hence, if i is the current flowing in botli 
coils when joined in series, the magnetic force over the central 
region of the large coil is nearly equal to G-^. 

Let g be the total area enclosed by all the windings of the 
small coil ; then gi is the magnetic moment of the small coil. 
Hence, when the latter is held so that the angle between the 
axes of the coils is the magnetic couple or torque on the 
small coil is cos 0. If the large coil is placed with its 
plane in the magnetic meridian there is also a couple due to 
the earth’s force acting on the small coil and equal to giK sin 0. 

The bifilar suspension produces a restoring couple, which may be represented 
by fx sin 0, since for small angular displacements it is proportional to the sine 
of the displacement. Hence the equation of equilibrium of the small coil, 
hung in a uniform magnetic field H and supported by a bifilar suspension, is 
i^Qtg cos 0 = sin 0 + sin 0, 
or tan 0 = i^Ogj (^yH 4- fx). 

It is always possible to make th eterm ig'S. negligible compared with ; so 
that approximately we have 

IX IX^ 

If we then take four observations of the deflection of the small coil, first by 
reversing the direction of the current through the small coil alone and then 
through the large one alone, and call the several observed angular disjilace- 
ments of the small coil 0i, 02, 03 , 04, it is easy to see that, since 
tan 4>i=i^Ggljx + FUGg^/jx^ 
and tan 02 = I^Gglfx - 

we have i^=(tan 0i + tan <p^)ixl2Qg ; 

and therefore, also, 

. i?- = (tan 01 + tan 03 ~ tan <ps - tan 04)yu-/4G^ 

Hence, i is determined in terms of the tangents of the deflections and the 
constants of the instrument, viz., /a, G and g. 

The constants for any instrument can be found as follows : — Let M be the 
mass of the suspended coil. Then /x.=XM. Let T be the time of a small 
vibration of the suspended coil, and K its moment of inertia. Then 

Affix to the movable coil a bar of mass M', of which the moment of inerti# 
K' is known, and observe the time T' of a small vibration of the new systemt 

Hence, from the two above equations, we have 

47r2K'M 

^ M(T' 2 -T 2 ) + M'T' 2 ' 
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In the next place, we have to determine G and g. Suppose the fixed coils 
have the Helmholtz form, and consist of two coils of mean radius A fixed with 
centres at a distance B=A/2. Then the magnetic force at the central region 
for unit current in the coils = Gr is such that 


G = - 


47rn.A^ 


or, if B = A/2, 


G = 


32‘7m 




5^/5 A 

Also, €j stands for the total area included by all the windings of the small 
coil. If a, is the mean radius of the small coil — that is, the radius from the 
centre bo the centre of gravity of the windings, it can be shown that 


gszn'TTCf 


l 12aM’ 


■where h is the radial depth of the windings supposed to be placed in a 
lectangular groove, and n' is the number of turns. 

If we substitute the above values of lu, G and g in the equation for i, we 
arrive at the following result : — 


dX Ay 


M'A 


\\T3 J M 'P JA- 

where the symbols have the meanings below : — 

jc— observed scale deflection. 

(I = distance of scale from mirror on movable coil. 

B half distance of fixed coils. 

A = mean radius of fixed coil, 
mean radius of movable coil. 

M = mass of movable coil. 

M' = mass of inertia bar. 

K' = moment of inertia, of the above bar. 

¥= JW/JkF. 

TjT - times of vibration, of movable coil with and without inertia bar. 
vtj-n'ss number of turns of wire on fixed and movable coils respectively. 

Maxwell gives (“ Electricity and Magnetism," Vol. II.) the full theory of 
the acbioni of one circular coil upon another, anti shows that if there he two 
circular coils whose axes intersect at an angle 0, then the co -efficient of 
mutual iaduction Mi can be expressed in a series of zonal harmonics, such that 
M = 4- Gi! 5 r 2 P 2 (^) 4 &c., where the constants are Gi, Gg? The 

quantities Pi, Pa, called zonal harmonics, are functions of cos ^ of the form 
Po(^)=:l, Pi(d) = COSd, P2Cd) = i(3C0S2d-l), = COS« 6> - 5 COS ^), &c., 

and have been tabulated and calculated, out numerically for various values 
of 9.* 

Phe quantities Oi, G 2 , &c-, are found as follows: — Maxwell sho'ws [loc. cit.) 
that if any point be taken on the axis of a circular current, the magnetic force 


See Prof. John l^erry, Phil, Mag,,, Dec., 1891. 


364 THE MEASUREMENT OF ELECTRIC CURRENT. 

it that point, F, due to unit current in the coil can be expressed in terms of 
the distance ac of the point from the centre and certain functions of the radius 
of the coil and the distance of a point of reference on the axis. Consider the 
case of a circular current of radius A, and take any point 0 as origin on the 
axis at a distance B Let C- = A^ + B-. Then the magnetic force F at any 
point at a distance x from the centre of the circle where x is small compared 
with C may be expressed by 

F = Gi + 2 G 2 X + + &c. ; 

or, if X is large compared with C, by 

F=^+52^+^+&c. 


We have already shown that the magnetic force at a point at distance x 
from the centre on the axis of a circular current is given by the formula 

27rlA“ 

F= A- 

Hence, if we expand the above expression in ascending or descending powers 
of X and equate the co-efficients to those of the above series, we have the 
values of G and g as follows : — 

Gi=2^AVC3, G8=47rA2(B2 - JA2)C7, 

G2=57rA2B/C5, G4=:5tA2B(B2 - 8A2)/C^. 

P3=5^A2(B2--JA-), 

po = 27rA2B, ■ cy4=47rA2B(B2-|A2). 

Now in the Helmholtz pattern electro-dynamometer, when we are considering 
the magnetic force at the centre, we have B=A/2, and, as a consequence, all 
the terms vanish in the expansion for M between the first and fifth. In 
other words 

m:=GipiPiW+G5^5P5(0)+ 

We need not generally take account of terms beyond the fifth. Hence 
also if the deflection ^ of the movable coil is small, and since 0 = 7r/2-^, 
it is easy to show that cos <9 nearly. Under these circumstances 

144 

and if a single suspended coil is placed at the centre of the 
5 

pair of fixed coils, then pg = Then we have 

M=Gi(;i sin 0 {l - 27aVlC0A^}. 

and the couple or torque experienced by the movable coil when both are 
traversed by a current i is 

2*2 — = G3/71 cos 0{l ~ 21a^imL^}. 

Hence the factor (1- 27a^/100A‘*) comes in as a correcting factor to tixe lern 
Gg cos (() in the equation of equilibrium of the movable coil. 

Space does not permit its to enter more fully into 
the detailed theory of the electro-dyuauiometer, but the 
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mathematical reader is referred to the following sources of 
information : — 

Tor the full mathematical treatment of tlie action of 
circular currents on each other see Maxwell, '' Electricity 
and Magnetism,” VoL II., Chap. XIV., 2iid edition. 

Also Mascart and Joubert, “Treatise on Electricity and 
Magnetism ” translated hy Atkinson, Vol IL, Chap. lY. 

And A. G-ray, ‘'Absolute Measurements in Electricity and 
Magnetism,” Vol. II., part 2. 

In addition, the above-mentioned series of articles by 
Mr. Searle on “ Current Measurements ” in T7u EUctricicm, 
Vol. XXVII. and XXVIII., may be consulted. 

As an instance of the use of the electro-dynamometer and 
calculations connected therewith the reader may consult a 
pajoer by Mr. Dugald McKichan “ On the Number of Electro- 
static Units in one Electromagnetic Unit,” FML Trans, Eoy. 
Soc., 1873. 

§ 7, Current Balances. — Dr. Joule was one of the first 
persons to construct an amperemeter in which a current was 
measured hy observing the apparent increase or decrease in 
weight of a coil carrying a current produced by the mutual 
electrodynamic action of another coil conveying a current 
placed parallel to it. The much more elaborate current 
balances of Lord Kelvin have already been fully described 
{see Chapter I.). In these latter instruments the movable 
coil is placed between two fixed coils. 

In order that stability may be secured, it is necessary that 
a displacement of the movable coil from its position of rest 
should not decrease the electrodynaniic forces acting upon it 
If we place two fixed circular coils parallel to each other, as 
on the Helmholtz galvanometer, and a smaller movable coil 
is held between them so that the planes of all three are 
parallel, then, by suitably arranging the direction of the 
currents, we can create a force tending to move the inovalde 
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coil parallel to itself. Maxwell points out that if the 
diameter of the fixed circular coils is to the distance between 
their planes as 2 : \/3, then they will produce a neaidy 
uniform force on a much smaller circular coil placed between 
them and with its plane parallel to those of the fixed coils. 



Fia 7. 



Fio. 8.— Fellat's Ampere Balance. 


A form of standard ampere balance has been designed by M. 
Pellat for the Laboratbire Central d'Electricitb in Paris. It 
consists (see Figs. 7 and 8) of a fixed horizontal solenoid 
and an enclosed smaller solenoid attached to the beam of a 
balance. When a current is passed through the two coils in 
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series it tends to turn round tlie movable solenoid so as to 
bring tlie axes of the coils more into colineation. This torque 
is resisted by weights put upon the scale pans of the balance. 

If H is the value of the earth’s horizontal magnetic field 
parallel to the axis of the fixed coil, and if A is the current 
flowing through the coils, then the resultant magnetic force 
in the interior of the large coil parallel to its axis is 

T-EA+H. 

If the magnetic moment of the movable coil is M, then 

M=E'A. 

Hence the couple acting on the movable coil when it is in 
equilibrium is 

C « MF = RR'A=+E'HA. 

If the current in the fixed coil is then reversed, the couple 
becomes 

C^=- -ER^A^+E'HA. 

/q q/ 

' Hence C — C' = 2RE'A^ or A = ^ 2E.E.'' 

If the couples are produced by weights W and W put in the 
scale pans attached to the movable coil, then these weights 
are proportional to the couples, and we have 

where Kl is some single constant. If the coil dimensions are 
measured K can he calculated. The value of K for the 
Pellat balance in the Lahoratoire Central in Paris is 
K = 0-21'7682 in terms of the ampere and gramme. 

§ 8- Working or Laboratory Amperemeters.— It would be 
of little use to describe the multitudinous forms of commercial 
ampere or ammeters which have appeared and disappeared iii 
the last 20 years. Broadly speaking, in addition to the 
sumdard instruments already described, the practical elec- 
trician has need of three classes of current-measuring 
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<lirect-readiiig iiistniments called respectively galvanometers, 
talilc or portable ammeters, and switchboard am hr eters. Table 
ui* portable arnnieters are employed for the numerous occasional 
mens lire iiients of current in practical units made anywhere or 
everywhere in the laboratory, and those of the third class 
only ill fixed positions and on certain' circuits. 

It is necessary that the above two classes of instruments 
should give at once, hy a direct-scale reading, the approxi- 
mate value of the current in amperes. The first class, or galva- 
nometers; are not usually direct-reading. They are mostly 
employed to indicate the mere presence or absence of 
a current in a circuit, and when the ampere value of 



Fio. 9. — The Weston Portable Ammeter. 


tlndr indications is required they have to be standardised. 
The necessary qualifications for a good portable or table 
arntneter are (i.! that it should be dead-beat — that is to say, 
its indicating needle must come immediately and without 
f>s(jillations to the scale reading corresponding to the current 
jiassing ; (ii.) it should have no dead or undivided part of the 
scale; and, (iii-) if possible, the scale divisions for equal 
increments of current at various portions of the scale should 
lie equal— in other words, the scale should be equi-divisional. 
No l{il:)oratory iustrurneiits fulfil the above requirements, as 
fiir as continuous currents are concerned, so well as the 
Wc^ston instninionts. In these airinieters (sex Fig. 9) there 
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is a well-aged magnet which produces a constant magnetic 
field. Tn this field is held a circular coil of wire carried on 
an axis revolving in jewelled centres. The control is produced 
hj a steel spiral spring, like the hair-spring of a watch. 

In all but the ammeters for very small currents the 
greater portion of the current in the circuit containing the 
ammeter passes through a shunt, so that the above-mentioned 
coil only carries a very small portion of the current. The 
terminals of the instrument are marked + and — so as to 



Fig. 10.— General Design of Hartmann and Braun Hot Wire Ammeter. 

show how the connections should be made. The instruments 
are made in various grades, to read from rnilliamperes to 
hundreds of amperes, the readable range in each instrument 
being about 1 to 1,500. These instruments are not, howevcvr, 
available for alternating-current measurement. For this last 
purpose, a convenient form of ammeter is that depending on 
the heating of a wire, and therefore called a hot-wire arnrnet(3r. 

A good form of hot-wire ammeter is that of Hartmann and 
Braun {The EUdrician, Oct. 6, 1809). In tliis instrument {m’i 
Figs. 10 and 19) a fine wire is stretched between two fixed 
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points, and is heated by the whole or part of the current to 
be measured. The wire, therefore, extends and '‘sags,’’ and 
the indicating portion of the instrument is a device lor accu- 
rately measuring this sag. The advantage of this arrangement 
is that the sag is greater than the mere longitudinal extension 
of the wire. This is easily proved as follows : — 

Let an inextensible thread of Lngth 21 be fastened between two supports 
at a distance 2^, and held, therefore, in a straight line. Let one of these 
supports move towards the other by a small distance, 2x, which is equivalent 


L -X 



Fig. 11. 


to assuming a small increment of length, 2a;, to be made in the thread. The 
thread, therefore, will sag down. Let s be the amount of the sag. Then, as 
seen from Fig. 11, we have the equation 

nr 

If X is small compared with we may neglect x^ in comparison with 2/x, and 
we have 

s= j2xL 

Hence it will be seen that s is very much greater than x provided I is much 
greater than x. For instance, if ^ = 100mm. and cc = lmm., then s — 14Tmm, 
nearly. 



A means of still further multiplying the extension of a wire may be found 
by allowing the sag of one wire to create a still greater sag in a second. Thus, 
suppose two wires, each of length 2^, are arranged as in Fig. 12, connected 
to three fixed points, a, 6, e. 
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Let the wire cd have its end d attached to the middle point of ah. Let the 
wire dh increase by a small length 2a;. Then, if s is its sag, we have 

(a;+Z)2=s2+^2 

or 2xl+x-—s“, 

or, if x/l is small, s= 

Then, in the same way, for the second wire we have, if s' is its sag, 

or, if xl is small compared with £c^, 

s'=,2a^)i. 

Hence, s' is very much greater than x. 

Thus, if x=0’lmm. and ^ = 100 s'=21mm. nearly, or the extension is 
multiplied 210 times. 

In the Hartmann and Braun hot-wire ammeter the wire is 
mounted between fixed insulated pivots, on a plate of metal 
having the same coefficient of expansion for heat as the wire. 
The sag of the wire is measured by causing it to create 
rotation in an indicating needle, the movement of the needle 
being resisted by a steel spiral spring which brings it back to 
zero. 

In the case of ammeters for small currents the whole 
current passes through the wire and heats it. In the case of 
ammeters for larger currents, the main portion of the current 
passes through a shunt. The instruments are very dead beat 
and the scale reading is most open at the point at which 
greatest accuracy is req[uired. The vibrations of the needle 
are checked by attaching to the needle shaft a light circular 
disc of copper which moves between the closely placed poles 
of a strong horse-shoe magnet, thus creating magnetic 
friction'' by reason of the eddy currents set up in the disc 
whenever rapid rotation of the disc takes place. 

These instruments are available both for direct and 
alternating currents, and have many practical advantages. 
There is, however, a dead portion of the scale below which no 
scale divisions are engraved ; the lower limit of the scale 
reading is approximately 10 per cent, of the upper limit. 
Thus an ammeter reading to 100 amperes would he useless 

bb2 



Fig. 13. — Kelvin Edgewise Switchboard Ammeter. 

For a Ml discussion of the advantages and disadvantages 
of various forms of ammeter for switchboard purposes the 
reader is referred to a paper by Mr. Blakie on “ Instruments 
for Switchboards,” in The Electrician, Vol. XLI, p. 209. 

§ 9. Calibration of Laboratory Ammeters.— No com- 
mercial instruments can be taken to be absolutely correct in 
their scale indications no matter what the makers of them 
may assert. The practical electrician must proceed first to 
standardise them in order to obtain the true or most probable 
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carry, without injurious heating, the maximum currents to be 
passed through the ammeter. In series with this should be 
another adjustable rheostat for varying the current passed 
through the ammeter, and also a carbon rheostat 0 for 
making very small adjustments in the current. From the 
potential terminals of the standard low resistance are brought 
two potential wires, which are connected with the potentio- 
meter wire a h, as shown in the diagram The potentiometer 
is first s^t hy means of a Clark or Veston cell so that the fal 

of potential down the slide-wire is of known amount, obtained 
by regulating the current flowing from the working battery 
through the slide-’wire. 
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real ampere value of any scale-reading hy an independant 
lueasureinent. Por this purpose no appliance is so convenient 
as the potentiometer already described (see Chapter I., § 13 
p. 134) aided by appropriate standard current-carrying resist- 
ances. Tor hy this means the measurement of a curreut is 
reduced to the measurement of a resistance and the electro- 
motive force of a standard cell, both of which are tolerably 
permanent values for given well-made instruments. Hence, the 
standardisation of an ammeter is conducted as follows : — 

The ammeter A (see Tig. 14) mast he joined up in series 
with a low resistance standard R of such type that it can 
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If, for instance, a Clark cell is employed, the temperature 
of which is 15°C. and the corresponding E.M.F. 1-434 volts, 
the sliding contact is set to make contact at that division on 
the slide-wire marked 14,340, and the current down the 
slide- wire regulated until the reading galvanometer shows no 
deflection. When this is done, the potential wires connected 
to the ends of the low resistance are substituted for the 
connections to the Clark cell, and the fall of potential down 
the low resistance is read off directly on the potentiometer 
slide-wire. Hence, knowing the value of this low resistance, 
we have at once the true current through the resistance, and, 



Fio. 15. — Ammeter Error Curve. 


therefore, that through the ammeter. We can, therefore, 
write down two columns of figures, one of which gives the 
observed scale-reading of the ammeter and the other the 
true ampere value of the corresponding current. The 
ditrerence between these two figures is the error of the 
aiuineter correspouding to that scale-reading. 

We can then make an error curve for the instrument as 
follows : — Let the various scale readings be plotted out as a 
horizontal line (see Fig. 15) and, corresponding to each, let 
a line be erected the length of which is the error of the 
ammeter at that reading, the said line being drawn upwards 


THE MEASUREMENT OF ELECTRIC CURRENT. 375 


when the error is positive and downwards when the error is 
negative. Thus if, corresponding to an abscissa 20, denoting 
a scale-reading of 20 amperes, the error is +2-2, we draw 
tlie line representing 2-2 upwards, and the true ampere value 
of the current when the ammeter needle points to 20 on the 
scale is 20+2*2 = 22-2. If, on the other hand, the error “is 
negative, the line is to be drawn downwards, and the 
true ampere value corresponding to 20 divisions would be 
20 - 2*2 = 17*8 amperes. 

Every working ammeter in the laboratory should in this 
manner have an error curve drawn for it which should be 
repeatedly verified. The error curve should be taken with 
ascending as well as descending values of the currents, since, 
in certain types of ammeter, particularly those containing soft 
iron masses moved in a magnetic field, there is often con- 
siderable hysteresis error. The ammeter will not give the 
same reading for the same current value if it has previously 
been used with a different and much larger or much smaller 
current. 

Hence, in checking an ammeter it is not sufficient to 
determine its scale inaccuracy for one cycle of current 
values : we must know how far the instrument gives the 
same scale-readings for the same current values independently 
of the values of the currents previously passed through it. 
At the same time, its zero-keeping quality and dead-beatness 
can be noted. 

If the ammeter is one intended for use with alternating 
currents, an investigation must be made to determine how far 
the readings are affected by change in frequency of the 
current. 

There is no better method of doing this than by calibrating, 
first of all, a Siemens' electro-dynamometer and delineating 
for it a curve showing the torsion in scale degrees corres- 
ponding to various continuous currents passed through it. 
In so doing, it is essential to place the instrument in such 
a position that the movable coil when in its zero position 
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shall not be affected by the earth’s magnetic force. In order 
that this may be the case the instrument should be so oriented 
that the axis of the movable coil when in its ;?:ero position is 
in the direction of the local magnetic meridian. To test this 
try reversing the direction of the current through the movable 
coil alone, and ascertain if the torsion required to restore the 
movable coil to the sighted position is the same in both cases. 
When the instrument has been calibrated for direct currents, 
it may be used with alternating currents of various 
frequencies ; and employed in series with the ammeter to 
be tested to calibrate it and to detect if the ammeter reading 
varies with the frequency. 

§ 10. Direct Measurement of Current by the Potentio- 
meter. — The majority of commercial ammeters are so liable 
to change of errors that, in order to avoid the expenditure of 
time in constantly calibrating them, it is better in many cases 
ro rely on the potentiometer directly as a means of measuring 
current directly. Thus, in the case of the measurement of 
current through an incandescent lamp, it is necessary to be 
able to determine a current which may have a value approxi- 
mately of half an ampere or so to within 1 per cent, at least. 
Ho commercial ammeter can be depended upon to measure or 
indicate correctly a current of this order with the above- 
mentioned accuracy. Hence incandescent lamp currents are 
far better measured by inserting in series with the lamp a 
resistance adapted for carrying 1 ampere to 10 amperes and 
measuring with the potentiometer tlie fall of potential 
down this resistance. If the resistance has a value of 
1 ohm and is made of manganin, we can, by its aid, deter- 
mine the current value with great ease to within one-tenth 
of 1 per cent. 

These measurements may take a little longer than when 
made with a direct-reading ammeter, bur tliey can be 
depended upon when made to be accurate within the above- 
named limits. 
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In the same inanner, ia measuring large currents, such as 
those given by large dynamos, it is much better to pass the 
current through a resistance strip of one-thousandth of an 
ohm resistance and determine the current by the fall ot 
potential down the strip. 

A stock of low-resistance current-carrying resistance strips ' 
and a potentiometer is thus a more profitable investment of 
capital for an electrical laboratory than the purchase of a 
large number of commercial ammeters of different kinds. 

The measurement of the large currents sent out from 
continue us-curreiit stations is most accurately effected by the 
direct measurement of the fall of resistance down a low- 
resistance strip or strips, the resistance values of which have 
been carefully determined in absolute measure by a Jones- 
Lorenz apparatus. 

If a low-resistance strip of known value is not at hand, 
then a resistance can be constructed by joining in parallel a 
known number of wires of measured resistance. Thus, if 
a resistance capable of carrying 1,000 amperes is to be made, 
it can be constructed by joining in parallel 100 wires each 
having a resistance of one-tenth of an ohm and each capable 
of carrying 10 amperes. In making these arrangements a 
large margin must he allowed in the carrying capacity of the 
single wires. It does not follow that, if one single bare wire, 
say of platinoid, No. 86 S.W.G. size, will carry, without undue 
heating, one-quarter of an ampere, that 100 of these wires 
closely laid in parallel will carry 25 amperes. Owing to the 
diminution in the radiative power of each wire by its 
proximity to others, the final temperature of each wire will 
be much higher, and therefore a less total safe current- 
carrying capacity results. 

§ 11, Current-carrying Capacity of Wires. — In the con- 
struction of lesistances used for the purpose of causing a 
definite fall in voltage in a current passing through them it is 
necessary that the rate of generation of heat shall be so 
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related to the rate of dissipation that the wire does not rise 
ill temperature by an amount sufficient to seriously affect its 
resistance, or else one of the factors required for tlie current 
measurement — viz., the resistance of the measuring portion of 
■ the circuit — is uncertain. The heat generated jier second in 

a bare wire in air by the passage through it of a steady 
current having a value of A. amperes is mechanically equal to 
joules, where E is the resistance of the wire. This 
energy is dissipated or conveyed away from the surface by 
radiation and convection, and every surface at a certain 
temperature has a certain eTnisssivity, which is defined as the 
energy passing out per second per square centimetre. The 
true emissivity is a function of the difference of temperature 
of the surface of the wire and that of the surrounding vessel 
or enclosing surface. If the wire is in a vacuum, the 
dissipated energy is wholly radiant, except in so far as there 
is conduction out of the ends of the wire. In the case of 
wires exposed in the air, energy is removed by air convection 
as well as by radiation, and convection in this case forms an 
important part of the heat loss. 

Let la stand for the total energy removed from the wire 
per second per square centimetre of surface, whether by 
radiation or convection. Theii, when a state of thermal 
equilibrium is reached, we have the equation 

A^il = 

where D is the diameter and L the length of the wire, which 
we will suppose to have a circular section. Also, if p is the 
electrical resistivity of its material, vve have 

10aR=— L, ■ f 

TT,. ^ 

where R is the whole resistance of th<> (rire in ohms and p 
its resistivity in C.G-.S. units. 
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If the diameter cl of the wire is measured in millimetres, 
we obtain from the above two equations another, viz., 

or A = 1,570 j'—. 

P SJ P 

This equation tells ns the value of a current in amperes 
(A) wdiich will bring a circular-sectioned wire of diameter d 
millimetres to a temperature at which it will be losing 
energy at a rate equal to w joules per second from each 
square centimetre of its surface. 

Suppose, for instance, that 76’= 0*1, or that the surface rate of 
loss of energy is one-tenth of a watt per square centimetre, and 
that the wire has a diameter of 1 mm. ; then we should have 

A= 1,570 /a. or pA2 = 246,490. 

V 

Experience shows that when a bare metallic wire is 
radiating 0*1 watt per square centimetre, its surface tempera- 
ture would be about 60"‘C. if surrounded by air at 15°C. 
If we assume the wire to be of copper, then at 60“C. its 
resistivity p would be about 2,000 C.G.S. units. Hence the 
current carried would approximate to 11 amperes. 

It is generally the custom to specify the diameter of wires 
in mils, the mil being one-thousandth of an inch. If the 
resistivity r is measured in microhms per cubic centimetre 
at the final steady temperature, and d is the diameter in 
mils, then the above formula for the current carried can be 
transformed into 

1,570 /laP 

8 ,()() 0 \/ r 

If the rate of loss of energy tv reaches one watt per square 
centimetre of surface for a bare wire, it is far too hot to touch, 
and is probably at a temperature of about 400deg. If w has 
a value of 0*1, ‘ then the wire is just hand-hot, or, perhaps, at 
about OO^O. At the above temperature (60®C.) the resistivity r 
of copper will be 25 per cent, greater than its resistivity at 


THE MJilASUltEMEI^ T OF MLEOTRIC CURRENT. 


0 C- aad that of iron 3(5 per cent., hut for platinoid and most 
resistance alloys, only about 2 per cent greater. 

Inserting in tlie formula these values for t and. w we have 
the following convenient but o-^ongh empirical formulae for the 
saj'e cwTTcnts in amperes A, carried by round bare wires, of 
the stated materials, having a diameter of d mils viz. 


= I A 

\/ 5 ( 


For copper, A= 

.For iron, A= 

For platinoid or German silver, A = 


Tlie above formula only apply to bare wires in air, the 
wires being either straight or coiled into very open spirals.^ 
Tlie following table, embodying experimental results, shows 
the safe current-carrying capacity of some common .sizes of 
bare wires of copper, iron, brass and German silver in loose 
or open spirals : — 

Safe Oibrr&nt-cciTTying Gapdcity m amperes oj Botre Wires^ 
iaowzd into Open Spirals. 

I I Safe curreats carried. Final temperature 



Size of wire 

Diameter 

not exc^^ediiig 60“C. 



in B.W.G. 

of wire in 
iricliea 

Copper. 

Brass. 

Irou- 

German 

silver. 



10 

0-134 

50 amps. 

30 

19 

16 

■ .j 


i 12 

0-109 

38 „ 

19 

16 

13 



i 14 

0-083 

27 „ 

15 

10 

8 




0-066 

1 20 „ 

1 10 

8 

1 6 


i ■ 

1 18 

0-049 

1 15 „ 

; 7 

5 

1 ^ 



20 

0-036 

9 

! ^ 

4 

1 ^ 



It will, therefore, be seen that the current density or amperes 
per square inch of section can be very much greater in fine 
wires than in large ones. In all cases, however, the surface 

* These formultc cannot be applied to eKtreme cases, such as that of a wire 
me mil in diameter, but apply generally to ordiaary laboratory sizes of wires. 
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of a bare wire in air should approximate to 10 sq. cm. per 
watt expended on it, if thetemperature is not to rise above 
the point at which it is possible to touch the wire with the 
hand. 

The result of investigation has been to show that the 
emissimty of a bare cylindrical wire is not merely a function 
of the temperature difference between its surface and that of 
the surrounding envelope, but is also dependent on its form. 
Prof. Ayrton and Mr. H. Kilgour have deduced the following 
laws from observations on nine platinum wires varying 
between l*2mm. and 14mm. in diameter.^ 

1. For any temperature the emissivity is higher the finer 
the wire. 

2. For each wire the emissivity increases with the tempera- 
ture, the rate of increase being greater the finer the wire. 

3. The effect of surface on the total loss of heat per square 
centimetre per second per 1°C. excess of temperature 
increases as the temperature rises. 

These authors find that for platinum wires of different 
diameters the emissivity e, or loss in heat in calories pei 
square centimetre of surface per second per l^'C. excess of 
temperature above the enclosure, can be expressed by the 
formulai — 

At 100°C,, c=0*0010360-|-()T20776t^--\ 

At 200°C., e= 0*0011113 -f 0-0143028 

At 300X1, ^==0*001i353H-0*016084cZ-\ 

where cl is the diameter in mils. Hence, whilst the simple 
theory above given, in which the emissivity is taken as 
constant, leads to the conclusion that the current required to 
maintain a wire of given material at a given temperature 
vanes as the diameter of the wire raised to the power of 
three-halves, as a matter of fact, for very thin wires, the 
current is more nearly proportional to the diameter simply. 

* See Ayrton and Kilgour, “On the Thermal Emissivity of Thin Wires in 
Air,” Proc. Hoy. Soc., November 19, 1891 ; or The Electricidn, VoL XXVIIT., 
page 119. 
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In 1884, Sir W. H. Preece gave some measurements of the 
currents req^uired to fuse fine bare platiriiim wires Gin. in 
length and of various diameters. These currents were found 
to be as follows : 


Diameter of tbe Wire j 

Fusing Current in 

in inches. 1 

amperes. i 


0-277 
0-356 
0 437 

0 - 790 

1 - 150 


It will be seen that these fusing currents are much more 
nearly proportional to the first power of the diameter of the 
wire than to the three-halves power of the diameter. For 
wires of copper varying in diameter {d) from 8 mils to 
30 mils he found the observed values of the currents (A) 
required to make the wires just visibly red hot in the dark 
(temperature about 500^0.) were in very fair agreement with 
the values calculated from the formula 

A =0-14587 VA 

For Swedish wrought-iron wires of diameters varying from 
10 mils to 60 mils the same current could be calculated from 
the formula 

A= 0*035755 

and for German silver wires between 8nim. and 25min. in 
diameter from the formula 

A =0-056376 Jcl\ 

These experiments made it evident that, whilst for round 
bare wires in air of diameters between 8“' mils and 60 mils 
the currents required to keep them at constant temperatures 
could be calculated from a tnnaula of the form current 
= (constant) x (diameter)i, this law does not liold good for 
wires of much smaller diameter, such as 1 mils to 3 mils, for 
in this latter case the current varies more nearly as the 
diameter. 


0-00050 

0-00075 

0-001 

0-002 

0-003 
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in connection with this subject a knowledge of the current 
required to fuse short bare wires of different materials and 
various diameters in air is practically important. Sir W. H. 
Preece has given a table (see Table L, end of this chapter) 
of fuse currents for wires of different sizes of iron, copper, 
lead and tin. 

The reader may be referred to the following papers for 
additional information on the heating of conductors by 
electric currents : — 

Prof. G. Forbes. British Association Report, 1882. 

Sir W. H. Preece. “ On the Heating Effects of Electric 
Currents.” Proc. Roy. Soc., April, 1884, or The Electrician, 
Vol. XII., p. 518. 

Prop. G. Forbes. “ On the Diameter of Wires to Prevent Over- 
heating by Electric Currents.” Proc. Inst. Elec. Engineers, 
London, April, 1884; also The Electrician, Vol. XIII., 
pp. 16, 39, 63, 82. 

J. T. Bottomley, The Electrician, Vol. XII., p. 541. 

A. E- Kennelly. ‘‘ On the Heating of Conductors by Electric 
Currents.” The Electrician, Vol. XXIV., p. 142. 

§ 12. Calibration of a Galvanometer by the Potentio- 
meter. The Measurement of Yery Small Currents. —When 
using a sensitive galvanometer for many purposes it becomes 
necessary to know the absolute value in amperes of the small 
current causing an observed deflection. The most simple 
method of calibrating any form of mirror or deflectional 
galvanometer is as follows : — 

Unless the galvanometer G has a high resistance, say 
2,000 ohms and upwards, it must have a resistance, E, of 
known value joined in series with it, and the resistance of the 
galvanometer coil itself must he measured, A potentiometer 
wire, a h, is then set or adjusted by means of a Clark cell, Ok, 
so tliat there is a known fall of voltage down the wire per centi- 
metre. In the absence of a potentiometer it is always possible 
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to improvise an equivalent by stretching a fine uniform 
platinoid wire along a 2-metre scale and attaching to the ends oi 
the wire a single secondary cell. The galvanometer Jiiay then 
be employed in connection with a Clark cell to discover the 
length of the wire down which there is a fall in potential 
equal to the voltage for the moment of the Clark cell. Thus, 
suppose the connections made as in Fig. 16, and that the 
Clark cell has an E.M.F. of 1*434 volts at 1d°G. at that 
temperature, and that we find the fall of potential dowm 
80cm. of the wire is equal to 1*434 volts ; then the fall of 
potential per millimetre of the wire is 1*434/800 volts. 



This done, remove the Clark cell, attach in series with the 
galvanometer the known resistance E, and join up the ends of 
the galvanometer to any two points on the slide- wire separated 
by such a distance that the resulting galvanometer deflection 
is the one the current value of which is required. 

Let the galvanometer have a resistance G- ohms and be joined 
in series with a resistance R ohms ; let L be the length ax of the 
slide-wire down which there is a fall of potential equal to the 
voltage V of the Clark cell ; and let I be the length of slide- 
wire separating the terminals of the galvanometer circuit 
when the galva,nometer deflection is S. Then the value of A 
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the current in amperes through the galvanometer which 
produces this deflection 3 is 

A- 

L(R+G) 

Hence the galvanometer constant h is equal to A/S. 

The conditions of success are that the value of the resist- 
ance E-f-G must be verj large compared with the resistance 
of the length I of the slide-wire, so that the addition of the 
galvanometer in parallel with a section of the slide-wire does 
not sensibly affect the current flowing through the slide-wire. 

The galvanometer constant should, in the above manner, 
be determined for a numher of different deflections, and it 
must not be taken for granted without proof that the co%stant 
is constant. If, however, the deflectional constant has been 
found, the galvanometer may be employed for the measure- 
ments of large currents by being shicroted. 

If the terminals of a galvanometer having a resistance 
G ohms are joined by a resistance of S ohms, called a 
shunt, then the combined resistance of the galvanometer 

and shunt is - — ohms. If a steady current A amperes 

is sent through the system, it is divided in the inverse 
ratio of S and G, and the galvanometer is traversed by a 
current a, such that 

. A S 


Hence, 




But if the current a produces a deflection, S, and corre- 
sponding to this deflection we have a constant, K., we then 
have 

o 

A galvanometer is usually provided by the maker with 
a set of shunt coils so adjusted for use with it that, by 
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connecting each shunt coil in turn across the terminals 
of the galvanometer, one-tenth, one-hundredth, or one- 
thousandth of a current is sent through the galvanometer 
when the shunted galvanometer is connected in a circuit. 

A universal shunt-box has been designed by Prof. W, E. 
Ayrton and Mr. Mather which is capable of being applied 
to any galvanometer. The principle may be explained by 
reference to the diagram (Fig. 17). 

Let G be a galvanometer having its terminals ah shunted 
by a resistance consisting of a long fine wire. Let B be 
a battery having one terminal connected to a and the 
other to a point, a:, on the shunt wire. Then, if the 



Fia. 17. — Diagram illustrating the principle of the Ayrton -Maoher 
Universal Shunt-Box. 


resistance of the galvanometer is G, and that of the wire db 
is ?tG, and the resistance of the fraction of the wire (jix 
is mG, and if C is the current flowing out of the battery 
and G the current flowing through the galvanometer, we 
obviously have 


Hence the fraction of the current flowing out of the battery 
which passes through the galvanometer is independent of 
the resistance of the galvanometer. Accordingly, if we 
make ?i=9 and m=l, c = 0TC ; if we make ^ = 9 and 
m = c = 0-01C, and so on. 
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If, then, tlie shant wire ctb remains fixed, but an arxa-nge- 
ment exists hj which the point x can be shifted so as to 
make ax successively eq^nal to one-tenth, one-hnndredth, 
&C-, of ai, we shall ha^e a shunt which can he applied 
to any galvanometer. It must he noticed, however, that 
the movement of the point x alters the total resistance 
between a and x, and therefore affects the total resistance 
of the circuit, and, as a conseq[uence, the value of the 
main current, unless some adjustment is made to keep it 
constant. In the actual arrangement, the shifting of the 
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contact point x from place to place along the shunt line 
is achieved either hy a plug and block arrangement or hy 
a Tabbing contact {sm Fig. 18). 

In connection with this matter it may be well to point 
out that in the ordinary shunt arrangement, in which the 
galvanometer is provided with a series of shunts, the 
resistances of which axe respectively -J-, &c., of that 

of the galvanometer, we must not assume that, because steady 
currents are divided in .decimal ratios by the shunts, that 
therefore sudden impulsive currents or instantaneous dis- 
charges, as when the galvanometer is used ballistically, are 

CO 2 
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likewise so divided. Mr. Hockin showed many years ago 
that the application of the shunt affected the logarithmic 
decrement or damping of the galvanometer, and hence the 
instantaneous swing or throw is less than it sliould be if 
the shunt merely acted to divide the discharge in the inverse 
ratio of the resistance of the galvanometer and shunt. 

§ 13. Alternating-Current Measurement.—It has already 

been explained that in the case of alternating or periodic 
currents we are concerned with either the imtantwnejms value 
{i) of the current, or with its maxiinuin value (I), or with 
its root-mean-square (RM.S.) value, and, occasionally, with 
the true-mean (T.M.) value. Generally speaking, the measure- 
ment of an alternating current implies the determination of 
its root-mean-square value, and most alternating-current 
ammeters and methods give us this value. In order, there- 
fore, that an instrument may be useful for alternating-current 
measuremmit, it must be based on some princi|)le such that 
the actual mechanical force, couple or displacement measured 
varies as the square of the instantaneous value of the current. 
We may avail ourselves therefore of the heating power of the 
current, or of the mechanical force between two conductors 
traversed by the same current, or of the mechanical force 
between conductors connected to the ends of the circuit 
traversed by the current, as a means of constructing an 
ammeter for periodic current measurement, because in eaeli 
of these cases the observed effects, whether heat pm* 
duction or mechanical force, varies as the square of the 
current at any instant, and is therefore independent of its 
direction. 

We have already described the construction of the instru- 
ments of the electro-dynamometer class, such as Siemens* 
electro-dynamometer or the Kelvin ampere balances, which 
depend for their action upon the mechanical forces existing 
between fixed and movable conductors traversed by the same 
current. In using these types of instruments for alternating- 
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current measurement the condition of success is that the 
periodic time of the alternating current must be small 
compared with the free time of vibration of the movable part 
of the instrument. 

There is, however, another very important matter concerned 
in the proper construction of an instrument of this class in 
order that it may be available for alternating-current 
measurement. The instrument must have no metal parts or 
plates or case near to the coils traversed by the alternating 
currents. For if there are such metal parts, then the 
alternating currents in the fixed coils will set up local or 
eddy currents with these metal parts, and these eddy currents 
will be nearly in opposition as regards phase with the 
currents producing them. Hence the eddy currents will 
react upon the movable coil, and will make the mechanical 
force upon it different from that which it would be if the 
eddy currents were absent. This defect may be masked by 
the opposing action of the currents in the fixed and movable 
portions of the circuit, and it will in general be more marked 
if there is a difference in phase between the currents in the 
fixed and movable circuit. In any case, it is a possible source 
of serious error, and any electro-dynamometer instrument 
intended to measure alternating currents which is included 
in a brass case or has brass or metal parts near the coils 
should be viewed with .suspicion as regards its instrumental 
accuracy. The Kelvin ampere balances intended for 
alternating current measurement have their coils wound on 
cores of slate, marble or porcelain, and the bases on which 
the instruments are mounted are also non-metallic. 

The most suitable form of Siemens electro-dynamometer is 
that called the '‘Workshop” form, in which the coils are 
mounted on a wooden base. Even here the instrument 
maker often fixes the coils to the base by metal straps. 
These should be removed and ebonite straps used to hold the 
fixed coil in Instrument makers are far too fond of 

enclosing electrical measuring instruments in lacouered brass 
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cases, which look nice but often injuriously affect their 
performance and accuracy.* 

The measurement of a large alternating current is best 
effected by some suitable instrument of the electro-dynamo- 
meter type. This must previously have been calibrated by 
passing through it a continuous current of known value, as 
determined by the potentiometer method, and an error curve 
constructed for the instrument as above described. The 
instrument may then be used to measure the value of 

an alternating current since the numerical value of the latter 
is that of the continuous current which produces the same 
dynamometer reading. 

The most useful type of hot-wire alternating-current 
ammeter is that in which the current to be measured passes 
through a strip resistance of negligible inductance, and from 
the ends of which connections are made to a very fine wire 
which is heated by the small portion of the current shunted 
through it. If the wire is in an enclosure of constant 
temperature it soon comes to a final steady temperature, 
which produces a definite elongation of the wire. This 
expansion is measured by measuring the sag of the wire, its 
ends being attached to fixed points. Instruments of the 
above kind are manufactured by Hartmann and Braun {see 
Tig. 19), and a self-recording hot-wire ammeter is in use, 
designed by Holden and Pitkin, in which the current to be 
measured passes through and heats a number of fine wires of 
platinum or platinum silver arranged in parallel, the sag or 
extension of these wires being detected and measured by a 
multiplying gear which actuates a pen moving over a revolving 
drum. 

The measurement of small alternating currents, such as the 
magnetising currents of transformers, is best accomplished by 

* As an instance of the kind of error that may thtis result, the reader is 
referred to a Paper by the Author in the ProG, of the Institution of Electrical 
Engineers, Vol. XXI., p. 666, 1892, entitled, Experimental Researches on 
Alternate Current Transformers,” in which reference is made to the results of 
measurements made with a certain brass-cased wattmeter which were found 
to be in some cases in error by nearly 50 per cent. 
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measuring the fall of potential down a known resistance by 
means of an electrostatic voltmeter or quadrant electrometer 
which has been previously standardised by continuous 
voltage. Thus, for instance, if we have to measure an alter- 
nating current, say, of about the magnitude of 0*25 ampere, 
a resistance can be constructed of four strands of hTo. 36 bare 
platinoid wire capable of carrying without sensible heating 
0*25 ampere, the total resistance being, say, 400 ohms. This 
resistance may be in the cage form described on p. 80. Then 
the fall in potential down this resistance produced by the 
current will be nearly 100 volts, and can be measured to 



Fig. 19. — Hartmann and Braun Hot-Wire Ammeter. 

within one-tenth per cent, by means of a standardised Kelvin 
multicellular voltmeter, the only condition necessary for so 
doing being that we must be able to afford to drop 100 volts 
in the voltage of the current used. In those cases in which 
this cannot be done an air-core alternating current trans- 
former must be employed to effect a transformation. 

If a transformer is constructed 'without an iron core, the 
two windings of which have their turns intermingled and in 
the ratio of to N 2 , then if to the secondary terminals we 
connect an electrostatic voltmeter, the scale reading of this 
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will be times or fractions of the voltage on the primary 

terminals. If, then, the fall of pressure down the resistance 
through which the current to be measured is flowing is too 
small to be measured, say on a Kelvin multicellular voltrceter, 
we can, by employing an air-core transformer, raise this 
voltage to a readable value by using a transformer of the 
kind mentioned having its primary and secondary turns in a 
known ratio. This transformer should be made witli circuits 
having as large an inductance as possible. It is desirable, 
however, to calibrate the transformer directly by taking a 
series of readings, within the range of the same voltmeter if 
possible, of the observed voltage on the primary and 
secondary terminals. 

The same arrangement — viz,, an air-core transformer — may 
be employed as shown by Mr. A. Campbell* to measure 
currents directly by transformation. In an air-core trans- 
former the ratio of the maximum value of the primary 
current I^ to that of the secondary current I 2 is 

h pM. 

where K 2 and N are the resistance and inductance of 
the secondary circuit and M the mutual inductance, and 
p = 2'ir times the frequency. Hence, if jpN is large compared 
with E 2 , the ratio of the currents is always N/M, and indepen- 
dent of frequency, 

By using an air-core transformer with the secondary 
circuit, made of thick wire and a large number of turns, so 
that the ratio ^ 2 /^" is at least 50, then, for a frequency of 
even 50 the ratio of the currents is at most 1 per cent, 
different from that which it would be for infinite frequency. 
This ratio of current transformation may, however, be found 
experimentally. 

Thus, for instance, suppose it is required to measure an 
alternating current of about 1,000 amperes, and we have 

* Proc. Phys. Soc. Loud., Yol XIY., p. 279.' 
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only a Kelvin ampere balance and a Siemens’ electro - 
dynamo meter available, each reading up to 100 amperes. 
We may construct an air>core transformer having an 
approximate transformation ratio of 10 : 1 by making it with 
a thick wire core capable of carrying 1,000 amperes, and 
a coil of 10 times as many turns capable of carrying 
100 amperes. The transformer has then to be calibrated 
by sending through the dynamometer and the thinner circuit 
a current, say, of 10 amperes, and joining the thicker circuit 
up in series with an adjustable resistance and the Kelvin 
balance. Siippose that, when the reading of the dynamometer 
is 10, the Kelvin ampere balance reads 98*2, we then know 
that the current transformation ratio is 9*82 to 1, and we 
can read the value of any current passing through the thick 
coil by taking the readings of the dynamometer p)laced in 
circuit with the thinner coil and multiplying by 9'82. 
Mr. Campbell has shown that iron ring core transformers 
may be used in the same way provided that the resistance 
of the secondary circuit is sufliciently low. 

Convenient forms of electrostatic voltmeter for measuring 
alternating currents by means of the fall of potential down a 
resistance have been devised by Mr. G. L. Addenbrooke.* 
He constructs a quadrant electrometer with two double 
quadrant plates each formed of a pair of quadrant-shaped 
plates. A paddle-shaped alurninuin needle is suspended 
between the plates by a very fine fiat phosphor bronze strip 
{see Fig. 20). The needle carries a mirror as usual. One 
quadrant is connected to the needle and the two quadrants 
are connected to the ends of the resistance through which 
passes the current to be measured. The instrument can be 
rendered so sensitive that a deflection of 100mm, of a spot 
of light at 2 metres scale distance, can he obtained with 
only 1 volt fall of potential down the resistance. The instru- 
nic'ut, therefore, can l)e used as an electrostatic voltmeter 

See i\ Pajinr read before tlie Interaational OoiigreBB of ElectriciaoB at 
PariH, 1900 ; aijin The JFecirieiaet, Voi. XLV., p. 901. 
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for the measurement of small potential differences, and also 
by association with a resistance strip it becomes an alter- 
nating current ammeter. 

For the measurenieiir of the small alternating currents pass- 
ing through a transformer on open secondary circuit (magnetiz- 



ing currents) the instrument is especially useful. It can be 
calibrated by the employment of a battery of Clark cells. Since 
the deflection is approximately proportional to the square of 
the potential difference at the terminals of the instrument, 
the deflections increase very rapidly with the voltages. Some 
form of low-potential electrostatic voltmeter, such as the one 
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above described, is a valuable acquisition in an electrical 
testing laboratory 

§ 14. Wave Form Measurements. — One of the most 
valuable methods of investigating the effects due to alternat- 
ing currents consists in delineating the wave form — that is, 
drawing a curve to represent the mode of variation of the 
periodic current or currents and their relative phase differ- 
ence. This process is called alternate current wave form 
tracing, or wave delineation. The results are generally 
expressed by taking a horizontal line to rej)resent the 
uniform flow of time, and at distances mc^asured from an 
origin representing the time or epoch, ordinates are set up 
representing to scale the instantaneous value of the current 
strength. The curve defined by their upper ends is the 
current wave form. Innumerable methods have been devised 
for drawing this wave form curve, but there are two which 
must be particularly described. These are called the 
point-ly-p^nt method and the OBcilloyrcupli method. 

The first-mentioned method originated with M. Joubert 
in 1880, and can be carried out in any laboratory possessing 
an alternator, or at any place to which alternating current 
is supplied, provided a synchronous alternating-current motor 
is at hand. The second method necessitates the possession of 
a more expensive and special device, called an oscillograph. 

If we desire to know the current wave form of an 
alternator which is supplying a certain circuit, we may 
attach to the shaft of the alternator an insulating disc 
preferabl}' made of a material called stcibilit. This disc has a 
narrow brass strip inserted in its periphery. The strip may 
he in width about 1 per cent, to 2 per cent, of the 
periphery of the disc. Against this disc two insulated springs 
or narrow brushes press, so that when the disc revolves 
the springs are conductively connected during the moment 
the brass strip is passing under them The brushes are 
carried on a rocking lever which moves over a divided 
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scale, so that they can be shifted round through a known 
and measured angle. This arrangement is called a revolving 
contact-maker. It can easily be fitted to any alternator 
shaft, The following arrangement of circuits are then made. 
In the circuit, the current in which is to he delineated, is 
inserted a resistance, E, of known value {see Fig. 21), and one 
end of this resistance is connected to one of the brushes a 
of the contact-maker c, and the other, I, to one terminal ot 
an electrostatic voltmeter, V. The other terminal of the 
voltmeter is connected to the other brush, but arrangements 
are made for inserting in between a variable number of 



small (lithanode) secondary cells B. The needle of the 
voltmeter is thus caused to give a reading at any required 
part of the scale according to the number of cells in use 
whenever the brushes are connected together. The terminals 
of this voltmeter are connected to a condenser K having a 
capacity of about 0*5 microfarad, to act as a reservoir or 
flywheel. 

If now the alternator is set in operation, and the brushes 
occupy a fixed position; every time the brushes are inter- 
connected by the revolving brass strip, the voltmeter is put 
momentarily in connection with the ends of the resistance, 
and after a few revolutions the condenser becomes charged 
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to a potential depending upon the phase of the current 
at the instant when this contact takes place. The volt- 
meter reading therefore indicates this potential, or minus 
that due to the cells of the battery B, according as they are 
connected to act with or against the fall of potential down 
the resistance. By taking the voltmeter readings as the 
springs or brushes are shifted over degree by degree through 
an angle covering the whole period, and correcting each 
observation by adding or subtracting the cell voltage, we 
obtain a series of values for the fall in pressure down the 



resistance corresponding to regular time intervals during one 
complete period. 

Generally speaking, at least 20 observations should be 
taken at equal intervals during the period. These are then 
plotted out in a curve and give the wave form {see Fig. 22). 
They may also be plotted out in the form of a polar curve {see 
Fif^ 23) in which radial lines are drawn at angular intervals 
representing the time intervals of the observations and 
lengths set off along these proportional to the instantaneous 
viilue of the current. The polar curve defined by the ends 


398 THE MEASUREMENT OF ELEOTRW CURRENT. 

of these radii vectores has the property that, if we take its 
area and find the radius of a semi-circle having the same 
area, this last radius is to the same scale as the root-mean^ 
square (E.M.S.) value of the current.* 

If the alternator supplying the current is not accessible, 
the same process may be carried out by employing a small 
synchronous motor to drive the contact-disc in step with 
the distant alternator. A small synchronous alternating 
motor is practically a small alternator. A good type of 
machine to employ for this purpose is the one represented 


60 



ill Fig. 24. The motor is a small Kapp alternator having 
eight magnet poles and an armature consisting of an iron 
wire core wound over with eight armature bobbins. The 
field magnets are excited by an independent continuous 
current, and the armature is connected through a resistance 
with the circuit supplying the alternating current under 
investigation. The motor is brought up into step with the 
supply circuit by passing a strap round its shaft and 
spinning it up to speed like a top. When in step it will 
continue to run, and will drive the contact-disc on its shaft 

* For the proof of this propostion see “ The Alternate Current Transformer.” 
Fleming, Vol. L, 3rd edition, p. 193 
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SO that the circuit of the brushes is closed for an instant at 
an assigned moment during the phase once during every 



revolution. The process of obtaining graphically the wave 
form of the alternating current supplied by the circuit 
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is then carried out as above described, using, however, the 
contact-disc on the motor instead of one on the inaccessible 
alternator. 

An example of an alternating current wave form plotted 
out by the point-by-point method is given in Fig. 25. 

The great labour involved in slowly delineating a current 
wave form by this method led many inventors to devise 
methods which are susceptible of greater rapidity. In some 
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cases these take the form of self-acting potentiometers, in 
which the instantaneous value of the periodic electromotive 
force or difference of potential being studied is balanced 
against the fall of potential down a slide-wire. In this case 
the galvanometer in the potentiometer circuit is replaced 
by a very sensitive relay, which operates a mechanism 
moving the contact point on the slide-wire one way or 
the other until the current in the relay circuit is zero. A 
very ingenious instrument of this kind has been devised 
by Prof. Callendar, and another by Prof. Eosa. 
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In the Callendar instrument the essential parts are a 
form of potentiometer, the contact along the wire being 
shifted one way or the other by a couple of small motors. 
The contact-piece carries a pen which records a curve on 
a slowly revolving drum covered with paper. The contact 
is driven by the action of a delicate relay, which starts either 
one motor or the other in revolution unless the current 


Fig. 26.— Rosa’s Alternating Current Curve Tracer. Revolving Contact. 

through the relay is zero. The relay takes the place of the 
usual galvanometer used with the potentiometer. Hence, if 
the instantaneous voltage of a periodic current is balanced 
•against the fall of potential down the potentiometer slide- 
wire the mechanism will make the pen follow the variations 
of the periodic voltage as this last varies. The alternator 
or synchronous motor is provided with a contact-disc and 
brushes as above described, and these brushes are slovdy 
shifted over by an automatic gearing through an angle eciual 


D D 
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to one complete period. The pen then draws on the drum 
the curve corresponding to the wave form of this periodic 
voltage.* 

The instrument designed by Prof. E. B. Eosaf is not 
very dissimilar. In it the fall of potential down a 
potentiometer wire is balanced against the difference of 
potential between the ends of a resistance traversed by the 
alternating current and by means of a revolving contact 
maker with displacable brushes (see Pig., 26). A single value 
of this periodic potential is selected at an assigned instant 
during the period for balance. The shifting contact on the 
potentiometer is coupled to a pantograph, which draws the 
wave form curve on a uniformly revolving paper-covered drum 
(see Pig, 27.) 

The other method, making use of an instrument called the 
Oscillograph, designed for giving a complete view of the 
whole curve at once, is due originally to M. A. Blondel, 
who first described it in 1892. 

The oscillograph has been given a very practical and 
improved form by Mr. Duddell. An oscillograph may be 
defined as a galvanometer, the needle or coil of which has 
such a small periodic time of vibration that it is able to* 
follow accurately the variations of a periodic current which 
runs through its cycle of values in as little as one-hundredth 
of a second ; the deflections of the needle being proportional 
to the current. As a laboratory instrument the Duddell 
oscillographj has many advantages. It is made as follows : — 
On a base board is fixed a nearly circular electromagnet (see- 
Fig. 28) the coils of which are preferably excited by current, 
at a pressure of 100 volts. This magnet creates a strong, 
magnetic field between, two pole pieces. In this field are 
stretched two loops of flattened phosphor bronze wire, which 

* See Prof. H. L. Callendar on “ An Alternating Cycle Curve Recorder, 
The Electrician, Vol. XLI., p. 582. 

t “An Electric Curve Tracer,” by Prof. E.B. Rosa, The Electrician, Yol. XL. 

p, 126. 

X Made by the Cambridge Scientific Instrument Company. 
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Fig. 27. — Rosa’s Alternating Curient Curve Tracer. Potentiometer Portion. 
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are kept in tension by a spring. These loops are fixed in the 
field so that, if traversed by a current, one wire is forced 
forward by the magnetic force and the otlier forced back. 
The straps have attached to them a very small mirror, and 
the space in which they move is filled with oil. The time of 
free vibration of the mirror is either of a second in 

one form of the instrument, or yiTTrimth of a second in another 
form. The first form of instrument is called the projection 
form. In it a ray of light from an arc lamp is made to fall 
upon the mirrors attached to the strips, and is reflected back 
on to another mirror, which is given a rocking action ]')j a 
.small synchronous motor, the rocking taking place round an 
axis perpendicular to the reflected ray and parallel to the 
plane of movement or vibration of that ray. The result of 
the combined action of the mirrors is to reflect a spot of light 
on to a screen which has a motion in two directions, its 
displacement horizontally from the zero position lieing 
proportional to the phase angle and its displacement 
perpendicularly being proportional to the current in the 
oscillograph strips. Accordingly, the spot of light executes a 
motion on the screen which, in conseq^uence of the persistence 
of vision, is seen as a luminous curve delineating the wave 
form of the periodic currents passing through tlie strip of the 
oscillograph. The oscillograph is furnished with two strips 
or loops in order that we may delineate two periodic curves 
at once. It has also a fixed mirror to project a horizontal 
datum line on the screen. In the high-frequency instrument 
this reflected ray of light from the mirrors on the oscillograph 
wires is received on a uniformly moving photograpliic film or 
plate and photographs upon it an exact reproduction of the 
wave form of the current through the strip. 

In using the instrument to delineate the forms of current 
and potential difference of the carbons of an alternating 
current arc lamp, or motor, or other appliance, we attach the 
terminals of one strip tlirough appropriate resistances to the 
points between which exists the periodic potential difference 
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to be delineated, and we attach the terminals of the other 
strip through resistance to the ends of a non-inductive 
resistance in series with the circuit of the apparatus, which 
is traversed by the current to be studied. We then obtain 
on the oscillograph screen or plate two curves, which 
represent the periodic current and potential difference in 
question. 

The projection pattern of the Duddell oscillograph has 
sufficiently large mirrors attached to the wires that the light 
reflected from them will project distinct curves upon a screen 
at a distance of about 6ft. In the high-frequency instrument 
the mirrors are necessarily much smaller, and it can only be 
used as a visual or photographic instrument. 

The following are the approximate data of the two types 
of Duddell oscillograph: — 


— 

High-frequency- 

pattern. 

Projection 

pattern. 

Resistance of the field coils at 15® C.... 

Magnetising current 

Working temperature of oil for correct 

damping 

Periodic time 

Normal working current in strip 

Resistance of each strip 

Ditto with fuses 

i 

360 ohms. 

0’25 amp. 

30® to 35®C. 
0*0001 sec. 

0*05 to O'l amp. 

2 ohms. 

10 ohms. 

180 ohms, 

0*5 amp. 

30® to 35°C. 
O'OCOS sec. 

0*5 amp. 

1 ohm. 

3 ohms. 


As it is impossible to recapitulate here a description of 
more than a fraction of the methods which have been 
suggested or employed in alternating-current curve tracing, 
the reader may be referred for further information to the 
following original Papers and Memoirs, most of which 
references are taken from a comprehensive Paper on oscillo- 
graphs by Mr. W. D. B. Duddell.^ The references are, for 
the sake of convenience, divided into groups according to the 
methods which they describe, and they have, as far as 
possible, been made complete. 


Read at the British Assoc'atioa Meeting at Toronto, 1897. See B.A. 
Reportf lBfl7 ; or The Electrician, Vol. XXXIX., p. 636. 
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I. Methods Depending on Point-by-Point Observation and 

Plotting a Curve. 

M. JouBEET. Journal de Physique, 1880. 

H. Moeton and B. F. Thomas. Jour. Amer. Assoc. Ad. of Science, 
1880, or Trans. Am. Inst. Elec. Eng., Vol. IX., p. 263. 

Duncan, Hutchinson and Wilkes. Elec. World., Vol. IL, p. 160. 

H. J. Eyan. Trans. Am. Inst. Elec. Eng., Vol. VIL, p. 1. 

L. Duncan. The Electrician, Vol. XXVIII., p. 61 ; Trans. Am. 
Inst. Elec. Eng. Vol. IX., p. 179 ; or Elec. Eng. of New 
York, Vol. XIX., p. 192. 

F. Bedell, K. B. Millee, and C. F. Wagner. Trans. Am. 
Inst. Elec. Eng., Vol. X., p. 497. 

J. A. Fleming. The Electrician, Vol. XXXIV., p. 460. 

W. M. Hicks. The Electrician, Vol. XXXIV., p. 699. 

R. A. Fessenden. Elec. World, Vol. XXVIII., p. 688. 

II. Self-Registering Methods by which a Continuous Curve 

is Drawn. 

A. Blondel. La Lumihre Electrique, Vol. XLI., p. 401 ; Vol. 
XLIV., p. 135 ; Vol. XLIX., p. 501 ; The Electrician, Vol. 
XXVII., p. 603. 

W. E. Ayrton. British Assoc. Report, 1895. 

Baer, Burnie and Rodgers. The Electrician, Vol. XXXV. 
p. 719. 

Man JAN Lutoslawski. Electrotechnische Zeitschrift, Vol. XVIT., 
p. 582. 

H. L. 0 ALLEND AR. The Electrician, Vol. XLI., p. 582. 

E. B. Rosa. The Electrician, Vol. XL., pp. 126, 221, 318. 

III. Optical or Projection Methods 

(a) With metal diaphragm as the moving part : — 

Q, E’rohlioh. Electrotechnische ZdtschHft, Vol. VIII., p. 2lU , 
Vol. X., pp. 65 and 345. 

E. Thomson. La Lumiere Electrique, Vol. XXVII., p. 839. 

C. Rollefson. Eel. Electrique, Vol. L, p. 461. 
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(6) With a soft iron needle as the moving parts : — 

A. Blondel. Comptes Hendm, Vol. OX VI., pp. 502, 748 

H. J. Hotchkiss and P. E. Mills. Physical Review, Vol. Ill, 
pp. 49, 358 ; Vol. IV., p. 128. 

F. J. A. McKittrtck. Trans. Am. Inst. Elec. Eng., Vol. XIIL, 

Nos. 6 and 7. 

(c) With a coil of wire carrying the observed currents as the moving part : — 

E. GiiiRAED. Bull, de TAcad. de Belgique, 1888 ; Phil. May., 

Vol. XXIX. ' 

H. Beckee, G. Lahmeyee and G. D. Picard. La Lximiere 
Electrique, Vol. XXXI., p. 16. 

G. S. Moler. Physical Review, Vol. I., p. 214. 

(ci) With the plane of polarization of a beam of light as the moving part ; — 

A. C. Ceehore. Physical Review, Voi. II., p. 122 ; Vol. III., 
p. 63. 

J. PiONCHON. Comptes Rendus, Vol. CXX., p. 872. 

(fi) With cathode ray in vacuo as the moving part 

F. Braun. Weid. Ann., Yol. LX., p. 552. 

(/) With stream of mercury as the moving part 

E. L. Nichols. Jour. Amer, Assoc. Ad. Science, Vol. XLII,, p. 57. 

(g) Miscellaneous methods : — 

Lippman. 18V5. The Electrician, July .17, 1896. (Uses a 
capillary electrometer.) 

P. Janet. Pomptes Rendus, Vol. CXVIII., p. 862; Vol. CXIX., 
pp. 58, 27, 899. (Uses a chemical method.) 

IV. Oscillograph Methods. 

A. Blondel. Proc. Frexich Association for the Advancement of 
. Science. 1898. 

H. Abraham, Comptes Rendus, Vol. CXXIV., p. 758. . 

W. D. B. Duddell. jFtectncmn, Vdl. XXXIX., p. 636. 
Duddell and MARCHANTi JournallmU E.E., Vol. XXVIII., p. i; 
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The most convenient instrument for ordinary laboratory 
work will be found to be the projection form of Duddell 
oscillograph. In using it, a powerful parallel beam of light 
from a lantern containing a hand-regulated arc lamp with 
good vertical and horizontal slow-motion screws is thrown on 
the mirrors of the oscillograph, and a cylindrical lens fixed in 
front of the mirrors focuses the ray when reflected on to a 
sheet of tracing paper laid over a curved glass screen. On 
this tracing paper is then seen, when the oscillograph is in 
operation, one or two bright sinuous lines of light, which are 
the wave forms of the currents passing through the oscillo- 
graph wires. If one of these currents is proportional to the 
electromotive force in, or the potential difference of, the ends 
of a circuit, and the other is part or the whole of the current 
in that circuit, then the two sinuous lines will properly 
represent the variation of current and voltage, and the 
curves can be traced on the paper and investigation can be 
made of their form and phase difference. The oscillograph 
method has one enormous advantage over the point-by-point 
method, in that the observer is enabled to see a transient 
change in the wave form. The oscillograph shows at a 
glance the whole of one wave, and a change anywhere is 
instantly visible. 

§ 15. The Use of Transformers in Alternating Current 
Measurement. — The measurement of alternating currents of 
moderate value may be carried out as already described by 
electrodynamic or hot-wire instruments. It often happens 
hovrever that measurements are required of alternating 
currents having very large or very small values. It is then 
possible to bring these within the compass of instruments 
found ill every well-equipped laboratory by employing 
transformers. . Thus, for instance, a large alternating current 
may be measured by passing it through a low resistance strip 
of known value and measuring the potential difference of the 
ends of the strip by means of a step-up transformer and an 
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ordinary electrostatic voltmeter reading, say, from 60 to 
100 volts. 

It has been shown by Mr. A. Campbell^ that for the 
purpose it is necessary to use a transformer with a well closed 
iron circuit and a primary coil of low resistance and large 
inductance. This primary has its terminals connected to the 
ends of the low resistance strip through which the current to 
be measured is passing, and its secondary terminals connected 
to an electrostatic voltmeter. The transformer may con- 
veniently have a transformation ratio of 1:100. 

As an example of the details of an appropriate transformer 
Mr. Campbell {loc. cit.) gives the following specification : — 
The primary coil may consist of 100 turns of No. 16 wire, 
and the secondary of 10,000 turns of No. 40 wire, the coil 
consisting of iron stampingshaving a total weight of 1*5 kilos. 

In the case of the above transformer the variation of the 
transformation ratio from the value 10 was 1-9 per cent, at a 
frequency of 39 and 0*8 per cent, at a frequency of 86. 

Such a transformer can, of course, be adjusted to have any 
required transformation ratio at a fixed frequency. If it is 
to be used for varying frequencies, then compensation may 
be introduced by the employment of a very small additional 
transformer having its primary in series with that of the 
main transformer and its secondary joined in reverse direction 
with that of the secondary of the main transformer. In this 
case the small transformer can have its turns so adjusted that 
an increase in frequency causes it to deduct a little from the 
secondary voltage of the main transformer, and keep the 
resulting voltage transformation ratio constant. 

The above device enables us to make use of an electro- 
static voltmeter, reading from, say, 60 to 150 volts, to 
measure alternating currents covering a wide range in value. 

The advantage of the method is that it introduces no 
sensible inductance into the circuit of the current to be 
measured, and that it is applicable to very large currents, 
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such as those which would have to be measured in testing a 
large alternator. 

We have already mentioned the use of an air-core trans- 
former to transform alternating currents in known ratios 
(see page 392), but the method of measuring the volt iall 
down a low resistance strip by means of a suitable trans- 
former combination and an electrostatic (preferably reflecting) 
voltmeter is more convenient. It need hardly be said that 
the electrostatic voltmeter used should be carefully calibrated 
in position by means of a potentiometer, a Clark cell and 
a divided resistance. 

§ 16. Measurement of the Frequency of an Alternating 
Current. Frequency Tellers. — In many alternating current 
investigations it is necessary to know the periodicity of the 
current. If the alternator is accessible this can easily be 
done by ascertaining the speed. If, however, the alternator is 
in a distant station some appliance is necessary which will 
measure the frequency of the current as it is sui)plied on the 
circuit. Instruments for doing this are called freqimicy 
tellers. For this purpose several devices have been invented. 
In Campbeirs frequency teller* a soft iron strip is so held in a 
frame that it can be caused to protrude more or less from a 
holding block. The end of the iron strip projects over an 
electromagnet with laminated core, through the coils of which 
passes the alternating current to be estimated. The iron 
strip has a natural free period of vibration, and if the attrac- 
tive impulses which act on it, due to the period magnetisa- 
tions of the electromagnet, agree in frequency, the amplitude 
of vibration of the strip becomes considerable. 

The instrument includes a slow-motion arrangement for 
pushing the iron strip more or less in or out of the clip which 
holds it at one end and an indicating needle which magnifies 
the motion. The observer makes the movement until the 
sound or visible oscillations of the vibrating iron strip is a 

* See The Electrician, Vol. XXXVIL, p. 437, 
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maximum,. and then he reads off on the scale of the instru- 
ment the frequency of the current passing through the coils 
of the electromagnet. The instrument is graduated by 
applying to it currents of various frequencies, and is said to 
read frequency to within 0‘2 per cent, 

' 111 another modification due to C. Kinsley* the free period 
of the strip is altered, not by varying its length, but by 
sliding along it a non-magnetic rider or weight. 

A third variety of frequency teller, suggested originally by 
Profs. Ayrton and Perry, t consists of a stretched wire placed 
between or over the poles of an electromagnet. The wire 
may be of iron, and the magnet coils may be traversed by 
the current to be examined. In this case the periodic attrac- 
tive impulses set the wire in vibration if its free period is in 
concordance with that of the currents or is some harmonic 
of it. The free period of the wire is determined by its length, 
iiameter, density and tension, and is expressed by the equation 

V rj, 

where /=the periodic time, Z==the length of wire, r = the 
semi-diameter, 8 = the density of the 'wire, and T = its tension 
in dynes. Hence, if T is varied by using different stretching 
weights, the free period of vibration of the wire may be made 
equal to that of the exciting current of the/ magnet, and 
when this is the case the vibrations of the wire become a 
aiaximum. 

The periodic current may be sent along the wire and the 
magnet may he a permanent magnet. In this case, however, 
the determination of the frequency is complicated by the 
variable rise in temperature of the wire produced by the 
current. Hence it is better to pass the current examined 
through the coils of the magnet and use an iron wire or wire 
with small iron armature attached to it, varying the tension 
* See The Electrician^ Vol. XL., p. 258. 

t See “ Laboratory Notes on Alternate Current Circuits,” Proo. Inst. E. E. 
Vol. XVIIL, p. 510. 
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on the wire until unison is produced between its free period 
of vibration and that of the current through the magnet coil. 

A fourth method depends upon the use of a telephone 
If an alternating current is passed through a magneto 
telephone receiver its diaphragm is set in vibration, and it 
emits not only a fundamental note corresponding to the 
frec£uency of the current, but a series of higher harmonics. 
The note of the telephone may be examined by testing it 
with a sliding resonator tube and varying the length of the 
column of air until resonance is produced. The resonator 
tube length is altered until two lengths are found which both 
exalt the note of the telephone. The periodicities corre- 
sponding to these lengtlis are then known from the formula 

Y—nXj 

where X is the wave-length and V the velocity of sound 
at the then temperature of the air. The length of the 
resonator tube which then resounds is obviously one-quarter 
of a wave-length. 

Thus, if the length of resonator tube is 20cm., we know 
that the wave-length is 80cm., and hence the frequency n is 

where t is the temperature of the air. Hence, 

80 

at 15^0. 71 = 427. 

If, for instance, two resonator tube lengths are found, one 
19Tcm. and the other 16‘5cm., corresponding to frequencies 
of 420 and 480, then these are harmonics, and the greatest 
common divisor — viz., 60 — is the frequency of the fundamental. 

For most electrical laboratory purposes, a carefully 
calibrated Canq^bcll frequency teller will Ije found to be 
a most useful instrument, and will give the frequency of 
usual alternating periodicities within at least 0’5 per cent. 

§ 17. The Measurement of the Phase-difference of 
Periodic Current Phasemeters. — An important measure- 
ment in connection with alternate-current working is the 
determination of the phase difference of two currents. If 
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two equi-peiiodic currents follow a simple sine law of vari- 
ation, then the angular interval between their maximum or 
zero values expressed in degrees, taking 360° to represent 
the complete common period, is called their jpliase difference. If 
the two currents can be passed in part or in whole through 
the two wires of a double oscillograph, then a simple 
inspection suffices to give the required information. It may 
be, however, that the observer does not possess an oscillo- 
graph, and then he may proceed by other means to obtain 
the desired knowledge. One method is by the use of a 
soft iron needle, as suggested by Lord Eayleigh.* Let two 
circular coils of wire be prepared suitable for cainying the 
two alternating currents which are to be examined as regards 
difference of phase or lag. Let us, in the frst place, assume 
that these currents are simple periodic currents, or that they 
are sine-curve curves ; in other words, let the instantaneous 
value i of either current be represented by an expression of 
the form, 

i = I sin 

where I is the maximum value and p=^ 27 rn, n being the 
frequency and t the time reckoned from the instant when 
i is zero. Let the two currents have the same frequency 
but different maximum values, and let their phase difference 
be represented by an angle (j>. It is required to determine 0. 
The two currents are then represented by the equations 
^ = I sin^:?^, 
i' = rsin(p^-^). 

Hence, the root-mean-square (RM.S.) value of i is I/\/2, and 
that of i' is I'/V^. 

Suppose, then, that the two currents are passed through the 
above-mentioned coils, and that these are placed with axes 
in one line and paralled to each other. At some point 
between them is placed a short soft iron needle (say 2cm. in 
length), suspended by a torsion wire or glass fibre and 

* Phil. Mag.^ May, 1897 ; or The Electrician, Vol. XXXIX., p. 180., 
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carryiDg a mirror so that its deflections can be observed by a 
mirror and scale method as usual. The upper end of the 
torsion fibre should be carried on a torsion head so that it may 
be twisted round through a known angle. The needle must 
be so placed that its axis makes an angle of 45deg. with the line 
joining the centres of the coils. First let one current, be 
passed through one coil. It will create an alternating mag- 
netic field, and this field will exert a couple or torque on the 
soft iron needle proportional to P. This can be measured 
by the twist necessary to be given to the torsion head to bring 
the needle back to the original position, or, if the deflection 
is small, by observing simply the deflection al angle of the 
needle. 

Next, let the other current be passed alone through its coil, 
and again observe the angle of deflection or torque acting on 
the needle. It is proportional to 1'^. 

Ill the third place, let both currents be passed at 6nce 
through their coils, and let the joint field act on the soft iron 
needle. Then the deflecting couple is proportional to 

P + r2±2ir cos (f>. 

Hence, if the first observed deflection or torsional angle is 0, 
the second Q\ and the third 0", we have 

V^=ae\ 

+ r 2 ± 2ir cos 9 ^> = aQ“, 

where a is some constant depending on the torsion value of 
the suspension. Hence, if the fields due to each current 
oppose each other, 


cos (j>- 




2 ^ 96 ' 

Tims, suppose 0 = c>' = 4O and 6" = 261 then cos <f> = 0-67, 
A = 48deg. If the two ecpii-periodic currents considered do 
not follow a simple sine law of variation, then their zeio 
points have not the same phase-difference as their maximum 
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values. Lord Rayleigh shows, in the original Paper, that 
even if the currents do not follow the sine law, or are not 
simple periodic currents, the above expression for cos (p gives 
ns what is called the power-fact or of one current with respect 
to the other. 

If, then, one of the currents is proportional to the voltage 
of a current and the other to the current flowing in it, the 
value of cos 0 obtained as above is a factor which, if multi- 
plied by the R.M.S. values of the current and voltage, will 
give the true power being taken up electrically by the circuit. 



Instruments for indicating the phase difference of two 
simple periodic or harnioiiic currents are called phasemeters. 
One convenient form is that invented by Von Dolivo- 
Dobrowolsky.* 

If two circuits are wound on a frame at right angles to 
each other {see Pig. 29), and if a disc of soft iron having an 
indicating needle attached is suspended at the centre, then, as 
is well known, if there is any difference of phase between 
periodic currents of equal frequency passing through the two 
coils, then there will he a torque tending to rotate the iron 
* See The Electrician, Vol. XXXIIL, p. 610. 


TSE MEASUMEMENT OF ELECTRIC CURRENT. 417 

disc, This torque can be resisted by the action of a spiral 
spring, and the instrument can be graduated by trial to show 
on a dial (see Fig. 30) the phase difference of the currents. 
If i and are the instantaneous values of the equi-periodic 
currents, and if <}> is their difference of phase, then the torque 
T acting on the disc is proportional to n'sin^. Tf one of 
these coils is a high resistance inductionless coil,’ and is 
connected to the terminals of any alternating current circuit, 
then the current through that coil will be proportional to the 
potential difference of the ends of the said circuit and in step 



with it. If the other coil is traversed by the current entering 
the above-named circuit, then the indications of the phase- 
meter are proportional to iesin^, where ^ is the angle ot 
phase difference of the current i and the voltage e of the 
•circuit. If the voltage is always the same, then the indica- 
tions of the instrument are proportional to the %dle current, 
i sin passing into the circuit, and the direction of deflection 
.shows whether this idle current lags or leads. 

The phase-meter may be graduated for a given frequency 
and RM.S. value of the voltage to read directly on the dial 
•the ampere value of the idle current passing through it. 

B E 
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Hence such an instrument is useful, in an alternating current 
station, to indicate at a glance the so-called wattless current 
passing out into a circuit. 

Eeferences to appliances and methods for measuring phase 
difference will be found in the following Papers : — * 

J. Tuma. Science Abstracts, Vol. I., pp# 148 and 266. 

The author employs a soft iron needle and an arrangement of two coils at 
right angles carrying the two currents. Otherwise the principle of the 
apparatus is the same as in the instrument of Lord Rayleigh above described. 

Moles and Bedell. The Electriciany Vol. XXXIII., p. 210, 
Describes an optical phase indicator. 

Von Dolivo-Dobeowolsky. See The Electriciany YcA* XXXIL, 
p. 40, and Vol. XXXIII., p. 610, for description of soft iron 
disc phase meter. 

B. Aeno. EcL Electr,, Vol. XX., 1899, p. 225; also Science 

Abstracts^ Vol. III., p. 71. 

This writer describes an instrument which is a combination of a Weber 
dynamometer, having separate coils, and an instrument to produce a rotating 
magnetic field, having separate coils fixed at right angles, and a closed movable 
circuit placed inside them. 

C. V. Drysdale. The Electrician, August 24, 31, 1906. ^*The 

Measurement of Phase Differences.'’ 

W. E. SUMPNER. Proc. Phys. Soc. Lond. Vol. XX , p. 1, 1906. 
“ On the Theory of Phasemeters.” 

This Paper contains a very full treatment of the theory of phasemeters, 
especially as applied to polyphase circuits. The author’s conclusions as 
regards these instruments are as follows : — 

1. Phasemeters for multiphase circuits are all equally accurate on 
balanced loads provided they have been correctly calibrated and possess 
no faults due to purely mechanical causes. Their accuracy is not affected 
by variations in wave-form or in current- frequency. The calibration of 
the scale is affected by the number of coils used in the instrument, by the 
ratios of the ampere turns used with these coils, by the distribution of 
the windings, and by the magnetic nature and properties of the magnetic 
circuits, especially if these contain iron ; but the accuracy of the indica- 
tions is not dependent upon any of these considerations if the working of 
the instrument is satisfactory from a mechanical point of view. 

2. Phasemeters can be simply and accurately calibrated for balanced 
loads by means of a direct current method of test. 

3. The error of phasemeters on unbalanced circuits is generally sericws 

for loads which are badly out of balance. The error, like that of a watt- 
meter, increases rapidly as the power factor of the load diminishes. It 
can only be reduced at the expense of complication in the instrument, by 
increasing the number of coils used in the fixed and moving systems, and 
by arranging the coils and magnetic circuits to be symmetrical in regard 
to one another. If the true power factor of the load is cos the readi®^ 
of the instrument is cos <f)-hd sin </>, 

where 0 is the phase error due to the unbalanced load, and is product df 
two factors, one of which is the maximum value , of 6 determined by the 
amount the load is out of balance, and the other may have any value* 
between ■+ 1 and - 1 and determines whether the instrument reads high. 
.or low. 
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TABLE I. 


Fuse-Wire Currents. (Sib W. H. Pebeob.) 


Melting currents 
in amperes^ 

Approximate gauge of wire in B.W.G. fused by the 
stated currents in the case of the metals 

Tin. 

Lead. 

Copper. 

Iron. 

1 

86 

36 

47 

40 

2 

84 

32 

43 

86 

8 

80 

28 

41 

88 , 

4 

26 

26 

89 

81 1 

5 

24 

24 ' 

88 

29 

10 

20 

20 

83 

24 

15 

18 

18 

80 

22 

20 

17 

17 

27 

20 , 

26 

16 

16 

26 

19 

80 

16 

16 i 

26 

18-5 

85 

14*5 

14 

.24 

.18 


14 

18 

:28 

17*6 

45 

18 

12-5 

22-5 

17 

60 

12 

12 

22 

16 


11*6 

2/16 

21 

16 


10-6 

2/14 

.20 

JL4 

: 80 

10 

2/13 

19 

13-6 . 


9-5 

8/16 

18‘5 

13 ' 


9 

4/16 

18 

12 

120 

8 

8/18 

17-6 

2/16 


2/10 

4/14 

17 

2/14 


4/18 

4/13 

16-5 

2/18i 

180 

8/11 

4/12 

16 

2/13 

200 

4/12 

5/18 

16 

2/12 

250 

5/12 

5/12 

m 

6/16 
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TABLE II. 

Electro-chemical Equivaleats.* 


' Elements. 

Valency and 
symbol, 

Atomic 

weight. 

Chemical 

eq^uiva- 

lent. 

Electro- 
chemical 
equivalent 
in milli- 
grammes 
per coulomb 

Coulombs 

per 

gramme. 

Electro- 
chemical 
equivalent 
in grammes 
per ampere 
hour. 

Electro -Positive . 







Hydrogen 

HI 

1 

1 

0-010384 

96293*00 

0-03738 

Pota»ssium 

El 

89*04 

89*04 

0*40539 

2467-50 

1*45950 

Sodiiim 

Nai 

22-99 

22*99 

0-23873 

4188*90 

0-85942 

Alniminimn 

AF 

27-3 

9*1 

0*09449 

1058*80 

0*34016 

Magnesium 

Mg2 

23*94 

11-97 

0*12430 

; 804*03 

0*44748 

Gold 

Au® 

196*2 

65-4; 

0*67911 

1473*50 

2*44480 

Silver 

Agi 

1Q7-66 

107-66 

1*11800 

894*41 

4-02500 

Copper (Cnpric)< ... 

Gu2 

63 

81*5 

0-32709 

.3058-60 

1*17700 

„ (Cuprous). . 

Cui 

68 

63 

0*65419 

1525*80 

2*85500 

Mercury (Mercuric) 

Hg2 

199*8 

99*9 

1*03740 

963*99 

3*78450 

„ (Mercurous) 

Hgi 

199*8 

199*8, 

2*07470 

481*99 

7*46900 

Tin (Stannic) 

Sn* 

117*8 

29*45 

0*30581 

8270*00 

1*10090 

„ ; (Stannous) , ... 

Sn2 

117*8 

58*9 

0*61162 

1635*00 

2*20180 

Iron (Ferric) 

Fe3 

^5*9 

18*64 

0*19856 

5166*4 

0*69681 

,, i (Ferrous)..,... 

Fe2 

55*9 

27*95 

0*29035 

8445*50 

1*04480 

Nickel 

Ni2 

58*6 

29*8 ‘ 

0*30425 

: 8286*80 

1*09530 

Zinc 

Zn2 

64*9 

82*45 

0*33696 

1 2967*10 

1*21380 

Lead 

Pb2 

206*4 

103*2 

1*07160 

1 933*26 

3*85780 

Electro-Negative, 






1 

1 

Oxygen 

02 

15*96 

7*98 

0*08286 


... 1 

Chlorine 

CP 

85*37 

85*37 

0:36728 


... i 

Iodine 

P 

126*58 

126*53 

1*31390 



Bromine 

BP 

79*75 

79*75 

0*82812 



Nitrogen 

N3 

14*01 

4*67 

0*04849 




* Taken by permission of “ The Electrician ” Publishing Company (Ltd.) from 
the “ Electrical Trades* Directory and Handbook,” 
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THE MEASUEEMENT OF ElECTEOMOTIVE FORCE. 

§ 1. ElectPomotiYe Foice Measupement. — EeingproTided 
with a standard of electrical resistance and means for defining 
or obtaining an electric cnrrent, the -value of which in amperes 
or recognised units is known, we can obtain the consistent 
unit of electromotive force by noeasuring the fall of potential 
down the unit of resistance when the unit current fiows 
through it. In practice we may proceed to recover the 
practical unit of electromotive force, called the Irtienaiwnal 
or stwndard voU as follows : — 

Prepare a coil of manganin wire which has a resistance of 
one International ohm. This wire should be of a gauge 
or cross section sufficient to carry a cnrrent of 1 or 2 
amperes without sensible heating, and should preferably 
consist of a bare manganin wire of abont Ho. 16 S.W.G. 
wound on a wooden frame. The best form for this coil is to 
construct a short skeleton wooden drum about Sin. in 
diameter on which may he wound in grooves the necessary 
length of some 18ft. to 20ft. of the bare manganin wire. 

The drum may be made by putting eight wooden peg»; 
into holes bored near the circumference of two circular 
wooden discs lOin. or llin. in diameter. Instead of winding 
on the drum a length of wire having an exact resistance of 
1 ohm, it win be sufficient to measure with great care the, 
resistance of the length of wire actually wound on it, provided 
its resistance is neai'ly 1 ohm. The ends of the wire, 
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slioald be silver-soldered to stout copper rods which form the 
terminals, and between these rods the resistance must be 
accurately measured. 

This resistance coil is then to be joined up in series with 
a Kelvin deciampere-balance, which has been previously 
most carefully standardised by silver deposit {see Chapter III., 
§ 3, p. 347), and a current having a known value in Inter- 
national amperes is then sent through this resistance. The 
product of the values of the known current and known 
resistance gives us, then, the value in International volts of 
the potential difference between the copper terminals of the 
resistance coil. 

In this manner we recover or create a known voltage 
between two points. It is, however, more convenient to 
preserve a standard voltage in the form of a standard Clark 
or Weston cell {see Chapter L, § 8, p. 86), and to employ the 
known voltage obtained as above mentioned to evaluate the 
electromotive force of the cell This can be done in the 
following manner : — 

The standard cell to be checked is joined up in series 
with a very sensitive galvanometer and a wire of high 
resistance — say of 10,000 ohms — the two being placed as a 
shunt across the ends of the above-mentioned 1 ohm 
resistance. It is well to insert a key, so as to close the 
circuit of the cell only when required. A current is then 
passed through the Kelvin deciampere-balance, a carbon 
rheostat, and the manganin resistance in series with it, and 
is adjusted to have such a value — approximately 1*5 amperes 
— ^that, when*^t flows through the manganin 1 ohm resist- 
ance; it creates a fall of potential down it equal to the 
electromotive force of the Clark cell. The Clark cell must be 
so joined tip (see Fig. 1) that its positive or mercury pole is 
in connection with that end of the manganin resistance by 
which the current enters it. 

When this arrangement of apparatus is complete the experi- 
mental measurement consists in adjusting the current through 
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the ampere balance until the galvanometer in series with the 
Clark cell shows no deflection when the key K is down. 
This being the case, the product of the observed ampere- 
balance current and the resistance of the manganin wire R 
is equal to the value of the electromotive force of the Clark 
cell at the temperature of the day. The Clark cell should 
be provided with a thermometer by means of which its 
temperature can be taken. In this manner the recovered 
standard of voltage can, so to speak, be transferred to a 
standard cell and be rendered permanent. 

In an electrical testing laboratory the cells used as stan- 
dards of electromotive force should be checked at intervals 
so as to re-determine their absolute electromotive force values. 



I K Key, 

r Resistance of 10,000 ohms. 

0 Adj us table Carh^^u Rheostat. 

Fig. 1. 

It was by a method of the above kind that Lord Rayleigh 
made his original measurements of the electromotive force of 
the Clark cell. An account of his work is found iii a Paper 
by Lord Rayleigh and Mrs. H. Sidgwick in the PhU. Tram. 
of the Royal Society, Part IL, 1884, entitled ""On the 
Electrochemical Equivalent of Silver, and on the Absolute 
Electromotive Force of Clark Cells.” In this Paper Lord 
Rayleigh first describes the construction of an absolute 
ampere-balance for the evaluation of the current in absolute 
measure. This consisted of tw-o fixed circular horizontal coils, 
the distance between their planes being equal to the radius 


A Ke’vin ■Deciamperp-ha^ance. 

K w hin M a iigaiim Resistance. 

O Righ-iesista' ce Galvanometer. 
Ck Clark or w tston Standard CelL 
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of either of them. Between these coils was supported another 
smaller circular coil, with its plane horizontal and its centre 
on the line forming the centres of the fixed coils, and 
midway between them. This third coil was suspended from 
the beam of a weighing balance, as shown in Fig. 20, p. 71, 
Chapter I, The movable coil had the current led into and 
out of it by flexible leads. The current to be measured was 
passed through all three coils in series, so that the electro- 
dynamic forces tended either to lift or lower the movable coil 
and thus decrease or increase its apparent weight. By 
reversing the current through the fixed coils the direction of 
the force could be reversed, and hence half the difference 
between the apparent weight of the movable coil when the 
current through the fixed coils is reversed gives the force in 
gravitation units exerted by the fixed upon the movable coil. 


The general theory of the instrument is as follows : — Consider first two 
coils only — viz., a fixed and a movable co-axial coil. I^et n, n^be the respective 
number of turns of wirje on each, t, i' the current in each, and M the 
coefficient of mutual indtiction. Then the attraction or repulsion between the 
coils', in absolute units is equal to 


dx' 


where x is the distance between the parallal planes of the coils. 

The fuU expression for the attraction between two parallel co-axial circu'ar 
coils of mean radii A, a, and with centres respectively at distances B, b from 
a point on their common axis, is given by Maxwell (“Electricity and 
Magnetism,” Yol. IE., § 304) 

LetCa=A2+B2. Then 


• 2- 3? + 2. 3.4^^“6+ 3. 4. V - K) + •• ■ }. 


dM_ ^2^^ 
dh 


where a and b are supposed to be small compared with A. 

In the present case there aie two fixed coils, and if we talke the origin mid- 
way between them, then 


dM _ 
db 


1 . 2 . 3 1 + 3 . 4 . - JaS). J 


Also, approximately, for the fixed coils we have B®^ JA^. 

Hence ^=67r2^x 0-2862. 

db 

In other words, the force of attraction / of the fixed coils on the movable is 
given hj f^7inn'i!^a^jA% where x 0'2862, and i is the current thrcagch * 

the coils.’ ' 
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Accordingly, if is tlie ratio of the galvanometer constants of the coils— 
that is, if we have/=A^2^V/«. 

In the coils used by Lord Baylcigh 

A=24*81016cms. »'=225 
a = 10*24-73cms. w=242 

For the elaborate details of the process of weighing the 
movable coil and reducing the results to calculation we must 
refer the reader to the original Paper by Lord Eayleigh, 
which is an example of accurate scientific research of the 
most perfect kind. 

Having obtained the means of defining in absolute 
measure a steady electric current, this current was passed 
through a resistance, and the fall of potential compared, as 
above described, with the electromotive, force of a Clark cell 
when not sending current. 
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A Anfiper^'-halance. 
K Kes'stance Ouil. 
Ck CiftrkCell. 

G Oalvjinometer. 


Bi. B2 Besistance Boxes. 

X (’ooiiijuiator. 

L Two leclanch^ Cells. 


Fig. 2. 


In the above arrangement, as employed by Lord Eayleigh, 
it was not found convenient to alter the main current flowing 
through the ampere-balance when once started; hence the 
faE of potential down the resistance was not exactly equal to , 
the electromotive force of the Clark cell. A compensating 
electromotive force was, however, introduced as follows r 
Let A (see Pig. 2) be the ampere-balance and E the resistance 
through which the current traversing the balance is flowing. 
Let Ck be the Clark cell and G a sensitive galvanometer of 
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high resistance. Then L is another battery, say of two 
Leclaiicli4 cells, the terminals of which are short-circuited by 
a large resistance consisting of the coils in two resistance 
boxes Ej, E 2 . A derived circuit is taken from this Leclanchd 
cell circuit, as shown in the hgiire, so as to insert an assisting 
or opposing electruinotive force in the Clark cell circuit, which 
can be varied as to direction by a commutator X and as to 
magnitude by varying the resistances E 2 , unplugged out 
of the circuit of the two resistance boxes — subject always to 
the condition that Ej^ + E^^^ 10,000 ohms. In this way the 
current flowing out of the Leclanclie cells is kept constant, 
but a variable fraction of their electromotive force can he 
used with or against that of the Clark cell Ok, so as to bring 
the current in the circuit of the galvanometer G to zero. 
Then, knowing the resultant electromotive force in the 
galvanometer circuit, which is equal to the product of 
the main current and the resistance E, we have only to find 
the ratio between the electromotive force of the Clark cell and 
that of the' fractional part of the Leclanchd cells. This can 
be done at once by the use of a potentiometer, as described 
in a subsequent section of this chapter, with any required 
degree of accuracy. 

By the above process, Lord Eayleigli"^ found the electro- 
motive force of the Clark cell, at 15°C., to be 1*435 volts, and 
at rC. it is given by the equation 

E, = r4:35{l-0-00077(2{-15)} volts. 

Eater experiments decided the Board of Trade Committee 
oil' Electrical Standards to recommend that the value of the 
Clark cell electromotive force be taken as 1*434 International 
volts at 15°0. If, however, the electrochemical equivalent 
of silver per ampere-second is taken as 0*001119 gramme, 
instead of 0*001118 gramme as adopted by the Board of 
Trade, then the corresponding value of the electromotive 

‘‘The Clark Cell as a Standard of Electromotive Force,” by Lord Rayleigh. 
Thm», Roy. Soc., Part IL, 1885. 
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force of the Clark cell will be a number nearer to 1*432 true 
volts at lo°C. The Board of Trade values of the electro- 
motive force of the Clark cell at various temperatures aie 
given in Table 1. at the end of this chapter. 

§ 2. Practical Recovery of a Standard or Known Poten- 
tial Diiference. — If the electrical laboratory possesses, as it 
should do, a Kelvin deciampere-balance, the most convenient 
practical method of recovering a known potential difference 
is to standardise this balance most carefully by passing a 
constant current through it of about 4 or 5 amperes, and 
then determine by the copper sulphate method of electrolysis 
the absolute value of this current with all the precautions 
described in Chapter III. 

Having standardised the balance, it may be employed to 
measure the ampere- value of a current sent through a resist- 
ance of known value — say, 1 ohm — constructed of manganin 
wire of a sufficient cross-section not to be sensibly lieated by 
the current. If it is desired to obtain a known electromotive 
force or potential difference of high value — such, for instance, 
as 2,000 volts — then the ampere-balance must be one which 
is Suitable for alternating as well as for continuous currents. 
A wire resistance must then be made having a known value 
of 2,000 ohms or thereabouts, and an alternating current of 
1 ampere, measured by the balance, must be passed 
through it. The exact difference of potential between the 
terminals of the high resistance then becomes known. 
Oeiierally speaking, however, the expense of constructing a 
large current-carrying resistance of 2,000 ohms will be an 
obstacle to the employment of this method. There is no 
question, however, that it is the most satisfactory process for 
conducting with certainty the calibration of high-tension 
Voltmeters. 

The wire resistance must be so constructed as to be as 
little inductive as possible. Tliis may be done as follows: — 
An ebonite or fibre or pasteboard tube has wound upon it a 
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silk-covered manganin wire, or, if bare wire is used, a silk 
thread must be wound between the convolutions to prevent 
them from touching each other. The coil so prepared is 
covered with one layer of mica or shellac paper and another 
layer of wire wound upon it in an opposite direction. The two 
layers of wire are joined up at one and the same end, so that if 
a current is sent through the two layers in series it flows in 
opposite directions round each layer. A double-layer coil so 
constructed is practically non-inductive, or but little induc- 
tive. When traversed by a current there is little or no 
magnetic field in the neighbourhood of the wire. A series of 



Fig. 3. — Skeleton Wooden Drum with Bare Kanganin Wire wound 
non>inductively on it. 

such coils may be joined up in a frame and used as the 
current-carrying resistance. It is exceedingly useful to 
provide for the testing laboratory a number of resistances 
made in this manner of No. 16 S.W.G. manganin wire having 
resistances of 1 ohm, 10 ohms, 100 ohms, 1,000 ohms and, if 
possible, 2,000 ohms. This size of wire will carry safely 
1 ampere for a short time with but little change in resistance. 

Instead of winding silk-covered wire on a tube, it is better 
to wind bare wire on a skeleton bobbin made by joining 
together two round wooden discs by a number of wooden rods, 
^ turns of wire should he kept apa^t Dy 
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silk thread or cord wound between thesm. ’ The 
.d be wound double, two wires being wound on in 
id these joined up at one end. The whole wire is, 
nearly non-inductive, and the bobbin can be 
in a vessel of paraffin oil, by- which means its 
xe can more easily be kept constant and ascertained. 

5 Potentiometer Measurement of Electromotive 

"“arious forms of potentiometer have already been 
In Chapter 1. Whatever form the instrument takes 
essentially of a resistance, which may be a series of 
Long wire stretched over a divided scale. Down 
ance a. uniform fall in potential is made by means 
ry working through a rheostat in series with the 
.is battery is called the Working Battery. The 
>attery should consist of one or more lithanode 
cells of ample size. The cells should be highly 
l>y being placed upon pieces of ebonite. The cells 
veil charged, and then about 25 per cent, of the charge 
l)y discharging the cell slowly. No good results 
-iiined when using a fully and freshly charged cell, 
.ere are then irregular changes in its electromotive 
le cells should be joined up in series with the 
Bter wire through a carbon plate rheostat, 
e rheostats in which wire is wound off one cylinder 
her, or in which a contact spring presses against a 
xd in a helix on a cylinder, give trouble in dusty 
anise the dust gets under the contact and creates a 
isistance. Whatever form of rheostat is used, the 
16 to cause a perfectly steady current to flow through 
iometer wire or resistance, and be so adjusted as to 
the wire is not sensibly heated. If a long stretched 
.ployed as the potentiometer wire, the greatest care 
taken to secure uniformity in its resistance per 
j of length, and this uniformity must be proved and 
for granted. 
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The potentiometer is sci, or the current in the wire brought 
to a standard value, by means of a standard cell — ^preferably 
a Weston cadmium cell made in the Eayleigh H-form, as 
then temperature correction is negligibla If a Clark cell is 
employed, it must have a thermometer placed in it, or in the 
water bath in which it stands, in order that its temperature 
may be known and the proper correction applied to its 
nominal value at 15^0. The standard cell must have its 
positive pole connected to that end of the potentiometer wire 
to which the positive pole of the working battery is attached. 
The other pole of the cell is connected through a high 
resistance galvanometer, or through a sensitive galvanometer 
with a high resistance in series witli it, to a slider or contact 
maker on the potentiometer wire. The electromotive force of 
the standard cell being known, it is clear that, if a point is 
found on .the potentiometer wire at which, when connected, 
the galvanometer shows no current, the fall of potential down 
the length of potentiometer wire thus intercepted must be 
equal to the electromotive force of the cell. The current in 
the potentiometer wire can be so adjusted that the fall of 
potential down it can be read off directly on a divided scale 
placed against the wire. Thus the electromotive force of the 
standard cell is, say, 1*434 volts; the potentiometer current 
can be adjusted by the rheostats to make the fall of poten- 
tial down the 1,434 division of the wire equal to the above 
value. 

When this is the case the potentiometer becomes direct 
reading, and any other electromotive force or potential 
difference falling within the range of the potentiometer wire 
can be measured at once by merely attaching the terminals 
of a circuit formed of the galvanometer in series with this 
new source of electromotive force to two points on the poten- 
tiometer wire so selected that the galvanometer shows no 
current. The positive terminal or highest potential point of 
this source of electromotive force must be joined to that end 
of the wire nearest to the positive terminal of the working 
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batteiy. The source of electromotive force may be another 
cell, or it may be a difference of potential between two pointa 
on another wire traversed by a continuous current. 

§ Measurement of Small Potential Differences.— 

To measure an electromotive force or potential difference of 
about 1 volt or less we attach wires to the terminals of 
this source of electromotive force (E.M.F.) or potential 
difference (P.D.), and connect them as above described to the 
potentiometer, and when it is set we can read off at once on 
its scale the value of the E.M.r. or P.D. The potentiometer 
is thus easily employed to give us the terminal voltage of a 
primary or secondary cell, or the value of a current flowing 
through a known low resistance, or of a very small current 
flowing through a known higher resistance, provided always 
that the P*D. to he measured is less than the whole fall down 
the potentiometer wire. In making a number of measure- 
ments of this kind the setting of the potentiometer must he 
continually tested by coming back on to the Clark or other 
standard cell. 

In all practical forms of potentiometer, such as Cromptoh’s 
or Elliott's, there is a double pole switch on the instrum^mt 
so arranged that, without disturbing the galvanometer con- 
nections, any cell or terminal wires from any circuit can be 
quickly substituted for the standard cell in the galvanometer 
circuit. Hence there is no loss of time in continually 
re-checking the setting of the potentiometer current, and,? if 
it has varied, bringing it bade to its original value by a to^^ich 
of the rheostat. 

The potentiometer is especially useful in measuring 
small such as that of a thermo-electric couple. 

The Author designed for certain low temperature 're- 
searches a combined resistance bridge and potentiometer 
by means of which a thermo-electromotive force could he 
mea^ored and immediately afterwards the resistance- of a 
platinum wire giving the temperature of the junction, fllie 
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arrangements of this combmed bridge-potentiometer are jis 
•• iMIqW'S': — ■■ 

A length of- 2 metres of bare manganin wire (hTo. 3G 
S.'W.Gr) is stretched over a scale {see Fig. 4). This wire lios 
a resistanLce'of 26*576 ohms and a diameter 0*0193 centimetre. 
! Over the slide wire moves a slider contact P. The other two 
:'.arni 3 of the bridge consist of a resistance coil, C, of manganiu 
' wire of 5,000 ohms, and a platinum wire used as a platinum 
. jthermometer,' The bridge is provided with current from a 
:i2-oell lithtaode battery; B, and a Pitkin-Holden galvano- 
i. 35 iaeter;:.G, having a resistance of 4 ohms, is used with it. In 
..iithe diagram (Fig. 4) XZWY is the 2-inetre slide wire 
-having its ends attached to terminal blocks X and Y. Bis 
■j'tlic; 2 -cell battery which is connected through a current 
.. wevtoer, B, with the ends of the slide wire, having interposed 
< between one terminal and the block Y -either a resistance, 11 - 2 , 
'Of 'SOD ohms when used as a bridge, or a resistance and 

^JRa when used as a potentiometer. Ej_ is a variable resist«ance 
- -of. about '5,000 ohms, R4 a lesisbance of 18,200 ohms, and Kg' a 
resistance of 10x25*576 ohms, divided into four sections 
/having ratios of 1 , 2,3 and 4 in magnitude. The 'galvano- 
/meter is connected to terminals TJ and T when the 
Aiistrumeiit is used as abridge and P is the slide contact 
.maker on the wire; the other two arms being the 5-ohm coil 
•G and the platinnm wire Pj used as a thermometer. 

■ I ‘When the instrument is used as a potentiometer the 
i 'thermo-couple or other source of E.M,F. is joined in 
^•series with the galvanometer between the slider P and the 
•end of the resistance coil R 4 . In this case the fall of potential 
.'down the slide wire is measured hy the Clark cell Ok. In 
•<)rder to make the changes of conliection rapidly a seven-cup 
mercury switch is employed, so that by shifting a pair of 
•copper forks all the necessary changes of connection are made 
.instantly. 

Referring to the diagram, it will he seen that if we connect 
-the mercury cups' 4 to *6 and 1 to 7 thearrangement is a 
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Wheatstone bridge. If we connect cups 3 to 4 and 6 and 7 
it is changed to a potentiometer to measure and if 

we connect cups 2 to 3 and 6 to 7 we can set the potentio- 
meter by the Clark cell. 

' This form of combined bridge and potentiometer, devised 
by the AuthorT^' is of gre^t' use in measuring thermo- electro. 

• motive forces froth single couples, and at the same time the 
■temperature of the thermo junction may be obtained from the 
: value of the resistance of a platinum wire, wound round it. 
;The instrument may be adapted for a variety of uses in 
' measuring E.M.F.S which are functions of temperature. 

Potentiometers in which the whole or part of the resistance 
is an exposed slide wire have the disadvantage that dust 
.settles on the wire, and then the sliding contact, by which the 
connection to the galvanometer shunt circuit is made, is 
'uncertain in resistance. It must» be borne in mind that, as 
the position of balance is approached, the effective E.M.F. 
...in the galvanometer circuit becomes vanishingly small, 
and. hence is unable to break through a dust or oxide 
film and express itself as a deflection of the galvanometer 
coil Accordingly, for workshop purposes a potentiometer is 
. preferable which has no slide wire, but in which the resistance 
inserted in the circuit of the working battery is wholly of 
: insulated wire coils included in a box. 

A useful form of potentiometer, in which an external or 
exposed slide wire only forms a 150th part of the whole 
potentiometer resistance, is made by Messrs. Elliott Bros., 
and' consists essentially of 149 coils of wire joined in series 
with each other, and with a slide wire equal in resistance 
to one of them. A perspective view of the instrument is 
shown in Fig. 5, and a diagram of connections in Fig. 6. 

Each of the 149 sections or coils is about Sin. in length, 
and they are all adjusted so as to be absolutely equal in 

* See PhU, Mag,, July, 1895, p. 95. “ On the Thermo-electric Powers of 

Metals and Alloys between the TempeifEiture of Boiling Water and the Boiling 
Point of Liquid Air.’* By J. A. Memiig and J. Bewar. 


MEASUREMENT OF ELECTROMOTIVE FORCE. 435 



resistance one to the other. The slide portion of the wire 
KM (Fig, 6) is extremely short, as can be seen in Fig. 5, 
a-nd is equal in resistance to one coiL Inequalities in the 
drawing of this wire are compensated for by dividing the 
scale, over which arm L travels, so that the individual 


Kig. 5. — Jilliutt Poteutiottieter. 


divisions of the divided wire RRR are exactly multiples of 
the divisions on the scale. As an example, the fall of 
potential over 140*7 sections of the divided wire is exactly 
five times that over 28 divisions of this wire, and 14 
divisions on the scale. , 


r F 2> 
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A reference to Tig. 6 shows clearly how the arrangement 
is effected in practice. AB are two terminals, to which the 
working battery — i.e., the one accumulator cell — should be 
attached. At C is a small fuse, which serves to protect the 
slide wire from injury should too high an E.M.F. be applied 
to A and B by accident. DE are the galvanometer terminals, 
and across these is connected a short circuit key X, which in 



Fio. 6.— Diagram of Connections in the Elliott Potentiometer. 


its normal, or free, position keeps the galvanometer short- 
circuited, and thus protected against violent deflections. A 
d'Arsonval galvanometer should always be employed in all 
these tests. F, G-, F^, F^, G 2 , &a, are the terminals to 
which wires leading to the various sources of potential 
differ-uces to be compared should be attached. A multiple 
double-pole switch V permits of the two common bars Hand 
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I being connected to any pair of these terminals at will. 
EEB is the divided wire^ which is laid round in a circular 
position, and divided in 149 parts of equal resistances, small 
contacts being placed at each of these 149 points. The 
whole of this part of the divided wire, which, of course, is the 
essential part of the whole apparatus, is perfectly protected 
from mechanical injury by being inside the case. 

At one extremity of this wire N — at the 149th contact — it 
is connected to 0, a small fine adjustment rheostat, and so on 
to P and Q, two other adjustable rheostats in series, and so 
proportioned that the total resistance value of 0 is rather 
greater than that of one section of P, and that the total value 
of all the sections of P are slightly greater than that of one 
section of Q. P, Q, and 0 are not adjusted in any definite 
values — they serve simply as adjustments. In practice the 
whole of Q, P, and 0 are approximately 200 ohms altogether. 
The divided wire itself, ERE, being about 30 ohms resist- 
ance, one end of rheostat Q is joined to terminal B. 

The other extremity of the wire EEE is taken up through 
the top of the instrument at K, where it is led round a curved 
segment, and where the mdving contact arm L can travel over 
it. A scale is fixed to the top of the instrument, and a 
pointer is attached to L, so that when the moving contact is 
on the stud K, the pointer attached to the arm L stands at 
zero on the scale. When the arm L is moved till the pointer 
stands at the figure 10, then the moving contact has passed 
over a length of the divided wire exactly equal in resistance 
to any of the other 149 sections between K and K A 
contact J can travel round the circle of the divided wire and 
make contact with any of the 149 small contacts fixed to it. 
This contact J is attached to a large toothed wheel, the edges 
of which can be seen in Fig. 5 on the right and left of the 
instrument. This affords a ready means of shifting the 
position of contact J, and its position with reference to H 
and K can be seen through a small window in the front of 
the instrument, througch which a number shows corresponding 
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to the number of the contact on. which J lies ; a device is 
provided to cause J to make contact definitely on either one 
or other of any pair of adjacent contact studs on the divided 
wire. A wire is led from J to one on the galvanometer 
terminals E. 

The travelling contact on arm L is connected through a 
small key W to the bar of the multiple switch, the other bar 
H being connected to the second galvanometer terminal D. 
The key is provided with a small clamping device, so that it 
can be kept down if desired, and the galvanometer deflections 
manipulated with key X Care must be taken that no source 
of E.M.F. is attached by mistake to terminals F, G-, &c., as,, 
in the event of the key W being clamped down and switch V 
being in these terminals, a comparatively powerful current 
might flow through the galvanometer and the slide wire^ 
probably damaging both. The key W, therefore, should only 
be clamped down when making a series of tests where there is 
no chance of a wrong connection having been made outside 
the instrument. 

It will be seen that there exists always between A and B 
a closed circuit through which the current furnished by the 
working battery passes — from A through C to M, K, EEE, 
N, O, P, Q, and so to B. This circuit is of variable resistance, 
owing to the adjustment of rheostats 0, P, and Q ; but in all 
cases the whole of the wire ERE is in circuit. 

To make an E.M.F. rrheasurement we ^proceed as follows : — 
Fig. 7 illustrates the connections. The working battery 
is connected to AB as usual, the standard cell and 
resistance to FG-. The small separate resistance box is 
employed, the two terminals marked Potentiometer being 
connected to FG, wires attached to the source of E.M.F. to 
be measured being connected to terminals on this box, accord- 
ing to the various ranges used The terminals marked 

Potentiometer ” have between them a small fractional part 
of the whole resistance in the box. Setting the figure 143 at 
the window, and arm L at 4 on the scale as before, when a 
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balance is obtained with a multiple switch on the standard 
cell at FG, then each niovement of the toothed wheel means 
0*01 volt, and 0*0001 corresponds to the small whole divisions 
on the scale. 

Suppose ail E.M.F. of about 100 volts is to be measured, 
the positive wire should be joined to the terminal marked 
“h on the separate resistance box, and the other to the 
terminal marked 150. Then, having balanced as above, the 
instrument is direct reading in volts — that is to say, if a 
balance is obtained with 101 at the window and arm L at 



Fia. 7. — The Elliott Potentiometer and Divided Resistance arranged for 
Measuring Voltages. 

5-3 on the scale, then the E.M.i'. under test equals 101-53 
volts. For readings using the + to 15 terminals on the' 
separate resistance box, the readings must he divided by 10 ; 
if using terminals + to 300, readings must be multiplied 
by 2 ; if using + to 600, multiply by 4 . 

Supposing it is desired to determine exactly an E.M.F. of 
about 2-2 volts. Obviously, if the standard cell is balanced 
with 143 at the window and 4 on the scale, the range of the 
potentiometer is insufficient to compare this directly. If the ' 
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terminals + to 15 on the separate resistance box are used, 
then the E.M.F. of 2*2 volts would balance with figure 
showing at the window. For great accuracy, the following 
method may he adopted: — Connect two accumulator cells in 
series to AB; then with switch V (Fig. 6) on FG, correspond- 
ing to the terminals of the standard cell, adjust P, Q and 0 
so that a balance is obtained with 71 at the window and 
arm L at 7 on the scale (1*434/2 = 0*717). Assuming that 
the E.M.r. of the standard is taken at 1*434 volts at the 
working temperature, then let wires be brought from the 
source of E.M.F. to be tested to terminals FG ; then, if a 
balance is obtained on moving the multiple switch to FG 
with 111 at the window and arm L at 4 on the scale, the 
value of the E.M.F. under test = 1, 114 X 2 = 2*228 volts — that 
is to say, with the standard balanced at the position corre- 
sponding to half its value, all readings at the window and 
scale must be double to obtain correct values in volts. 

This process can be carried further, but not more than 6 volts 
should ever be applied to AB. 

In workshop potentiometers it is desirable to avoid the 
employment of any slide wire, however short, and to construct 
the whole potentiometer of coils of wire contained in a box. 
In the case of a potentiometer designed by the Author, the 
instrument takes the form of a box having on the ebonite or 
marble top surface a set of block contacts arranged in circles, 
and each set associated with a radial arm contact like one of 
the simple forms of Wheatstone bridge. There are two sets 
of concentric block contacts, arranged as in Fig. 8, and a pair 
of concentric brass rings to which the radial arms connect the 
plugs. Under the top of the box are a series of coils inter- 
connecting the blocks, as in a dial pattern WTieatstone bridge, 
the only difference being that each dial is double. There are 
three double dials, the coils in between the blocks of the first 
dial being each of 10 ohms, those between the blocks of the 
stiond being 1*0 ohm, and those of the third being each 0*1 
of m ohm. 
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The several dials are so joined up that they form one 
resistance divided into two sections, but of such a nature that 
increasing the resistance of one section decreases by an equal 
amount the resistance of the other section. There are 10 
blocks to each dial and, accordingly, the maximum resistance 
which can be created in either section is 99*9 ohms ; and, no 
matter how the dial radial arms are set, the joint resistance of 
the two sections always has the same value, viz., 99*9 ohms. 



Fio. 8.— -A Single Dial of the Fleming Potentiometer. 

If, then, a single secondary cell is connected to the ends of 
bhis divided resistance, and a high resistance galvanometer 
and standard cell are connected to the terminals of one 
section of the resistance, it is possible to move the radial 
arms in such a manner that the relative magnitude of the 
resistances of the two sections is varied, but the total value 
of the two sections remains the same. 

Let the standard cell be a Helmholtz calomel cell, which 
is constructed to have an E.M.F. of 1 volt. Then it 
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is possible to adjust the Talue of one section of the- 
resistance by moving the radial arm so that the high 
resistance galvanometer indicates no current when the- 
secondary cell is connected to the terminals of the whole 
resistance. For this is the case when the fall of potential, 
down the section of the resistance to which the galvanometer 
is a shunt is 1 volt, and this is so when the sections of the 
resistance have a certain ratio near equality. 

Suppose, then, that another cell is substituted for the 
standard cell, and again the radial arms are so moved that 
the galvanometer shows no current. This movement of 
the radial arms will not alter the value of the current 
flowing through the whole resistance, but will alter the 
ratio of the resistances of the two sections. This ratio- 
may be made such as to bring the galvanometer to zero- 
once jnore. 

Let Ej be the resistance of that section of the whole- 
resistance to which the galvanometer is a shunt when the- 
standard 1-volt cell is in series with the galvanometer, and 
let E 2 be the resistance of the same section when the second, 
cell is substituted for it. Let us suppose the total constant 
resistance of the two sections of the box is 99*9 ohms.. 
Let V be the E.M.F. of the cell being tested. Then 
it is clear that, since the standard cell has an -E-M.F. 
of 1 volt, the volt-fall down the whole resistance in the- 
box is equal to Hence the E.M.F. V of the cell 

tested against it must be equal to E^/E^ volts. 

Accordingly, if the secondary cell attached to the ends- 
of the whole resistance is large and very constant in 
E.M.F., there is no need to have rheostats and other- 
complications to keep the potentiometer current constant 
The only pieces of apparatus necessary for measuring any; 
E.M.F. are the standard 1-volt cell, a high resistance gal- 
vanometer and keys, the divided resistance above described,, 
and a large secondary cell which has been charged and 
then partly discharged* , 
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g 5, The Calibration of a Low-Tension Yoltmeter.— 

Suppose it is desired to calibrate or check the scale 
accuracy of a voltmeter reading, say, from zero up to 150 
volts, by reference to the potential difference of a standard 
cell, we proceed as follows : — resistance, T^T 2 r^ {see Fig. 9) 
must be provided, which is generally called a volUlox, con- 
sisting of a number of bobbins of manganin wire contained 
in a box. These coils of wire are arranged in series so as to 
form a resistance of 10,000 or 20,000 ohms, which is divided 



V Voltmeter. a, h Potentiometer Wire. 

B Teating Battery. Ck Clark Cell. 

0 High-realataiice Galvanometer. b Potentiometer Working Cell, 

*'ii ^3 Divided Resistance. 

■piQ. 9, — Potentiometer Arrangement for Checking Voltmeter. 

in certain ratios by terminal attachments. Thus one set of 
terminals may be so arranged that the whole resistance is 
divided into two sections in the ratio of 99:1, another set 
in the ratio of 9:1, another 999 : 1, and so on. This 
resistance is joined across the terminals of the voltmeter V 
to be checked, and a proper potential difference applied by 
means of secondary cells B to give any re(iuired reading of 
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tlie voltmeter, Tor this purpose a set of 100 small lithatiode 
cells are very convenient, giving any req[uired E.M.F. from 
2 to 200 volts. 

Suppose, for instance, we require to check a voltmeter, 
reading up to lOO volts, in the neighbourhood of 100 on the 
scale. We should select those terminals of the volt-box which 
give lis a ratio of 99:1 in the whole resistance. Wires 
would then be taken from the smaller section 
resistance to a potentiometer. We then know that, what- 
ever may be the value of the fall of potential down the 
small section of the resistance as measured by the poten- 
tiometer, the total fall of potential down the whole wire 
and therefore the actual true voltage applied to the voltmeter 
terminals, is 100 times as great. In Fig. 9 is shown a 
diagram of the connections to be made. 

By varying the number of secondary cells in this battery 
B attached to the terminals of the voltmeter V, we can make 
various known or measured potential differences on these 
terminals, and compare these values with the scale reading of 
the voltmeter. A table can be drawn up of the true poten- 
tial differences which correspond to various scale readings. 
We then proceed, as in the case of an ammeter, to make a 
curve of errors. 

Take a straight horizontal line on a sheet of paper and 
divide it into equal parts, representing the scale readings of 
the voltmeter (see Fig. 10). At each point set up a perpen- 
dicular the length of which is made proportional on same 
scale to the difference between the scale reading of the volt- 
meter and the true value found for the potential difference 
making that reading. Let this perpendicular be drawn 
upwards when the error of the voltmeter is positive and 
downwards when the error of the voltmeter is negative. 
Hence, if, corresponding to a scale reading of 100, the true 
potential difference is 101-2, then the error is positive — 
that is, we have to add 1-2 volts to the scale reading to 
^arrive at the tru^ voltage corresponding to the scale reading 
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lOO. In tMs manner the voltmeter can be calibrated 
throughout the scale and a curve of errors found for it. 

If the voltmeter is one constructed on an electromagnetic 
principle, then it is necessary to take a series of ascending 
and descending scale readings to ascertain if there is sensible 
hysteresis error. Also tests should be . made with the volt- 
meter in various positions, or with magnets near it, to discover 
how far it is affected by position or the presence of other 
magnetic fields. 

In the case of an electrostatic voltmeter it is necessary to 
be on our guard against errors introduced by contact difference 



Fig. 10.— Error Curve of a Voltmeter. 


of potential. Take the case of a Kelvin eleetTostatie volt- 
meter. In this instrument the “ needle,” or movable portion 
of the instrument, is of aluminium, and the fixed i^uadrants 
are made of brass; hence, when a secondary eel battery is 
joined in between the terminals of the instrument, the scale 
reading will be determined by the voltage of this battery 2 >lus 
or minus the Volta contact potential difference of an 
aluminium-brass couple. This latter amoimts to about 0-3 of 
a volt. Hence we find that an electrostatic voltmeter ^ves 
scale readings slightly different when the ‘"needle”’ is positive 
from that which it does when the “ needle ”' ia made negative 
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by reversing the connections of the working battery. Hence, 
in checking the voltmeter, note must be made of the mode in 
which the working battery is connected. 

§ 6. Calibration of a High-Tension Yoltmeter. — Supposing 
we have calibrated in the manner described in the previous 
section an electrostatic voltmeter reading up to 100 volts. 
We may then employ this voltmeter as an intermediate 
standard instrument to- check a high-tension voltmeter 
reading, say, up to 2,000- volts. For this purpose we refiuire 
a 'divided resistance which' can be safely placed across a 
2,000-volt alternating-current circuit. This can be made as 
follows : — 

Provide 100 coils of double silk-covered platinoid wire 
No. 36, each wire 100ft. in length, coiled up into a coil of 




Fig. 11. 


6in. in diameter, leaving both ends out. Squeeze up each 
coil into a sort of hank (see Fig. 11) and bind it in the middle 
with tape. Boil each coil or hank well in melted paraffin 
wax. The resistance of each hank of wire will be about 
400 ohms. Make' a wooden frame so that 25 of these hanks 
can be spaced lin. apart and be held by silk string, as shown 
in Fig. 12. Join up the wires of the hanks in series. Connect 
four such frames of wood with cross bars and join up all coils 
in. series. Bring the ends of the whole series and of each hank 
to well-insulated terminals on the outside of the wooden 
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frame. The whole wire will then form a resistance of 40,000 
ohms in 100 sections, and each section will he perfectly 
insulated from its neighbour. The wire will bear placing 
across a 2,000-volt circuit for any length of time without over- 
heating or risk of failure of the insulation. 

This divided resistance can then be placed across the 
terminals of the high-tension electrostatic voltmeter, and a 
calibrated low-tension electrostatic voltmeter joined across 
the terminals of one section, say ^Vth of the whole wire. 
Hence, when the high-tension voltmeter is connected to a 



Fio. 12. — Inductionless Safety Eesistance. 

2,000-volt alternator or transformer, the reading of the low 
tension voltmeter will give the true volt fall down -^Vfh of 
the resistance, and therefore the true voltage at the terminals 
of the high-tension voltmeter. 

. It should he noticed, however, that there is a possible 
source of error in the above process which arises from the 
capacity of the low-tension voltmeter. • This may be explained 
as follows : — 

Let us suppose, in the first place, for the sake of avoiding mere mathematical 
complexity, that the divided resistance is entirely non-inductive. Let R and Ri 
be the resistances of the two sections of this resistance, and let the low-tension 
electrostatic voltmeter be joined over the section of which the resistance 
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is B (see Fig. 13). Let the capacity of the voltmeter be represented in the 
figure (Fig. 13) by a condenser C. Then let the instantaneous values of the 
currents through R, Bj and C be i, and and let the instantaneous values 
of the potential fall down R, B, and B+Bi be v, Vi, and v'. 

We have then the folio wing equations : — 

— ^ principle of continuity, 

Bi— V '\ . 

Bitj — 'rjJ 


dv 

^=0^ from definition. 


find 

Also, letV«V' Bin ptf the frequency being as -usual 



Obviously, then, we have the following equation : — 

^dv__v' fl^l\ 

^dt Ei“ VEi"^ Ey*- W 

Differentiating with regard to t, we obtain, on re-arranging terms, 
d^v /'Ri + 'R\dv __dv' 1 

* R,’ 

d/if dt^ 

and eliminating*^^ between (i) and (h), and remembering that C^= 

if the variation of v is harmonic, we obtain finally the equation 

M /B + BiXa-^ B + B. , . Cp 

+ (“erT j }” = 1^^ ii; ^ 

In virtue of a well-known transformation (see “The Altemare Current Trans- 
former, ’’ Fleming, Vol. I., p. 161) we can write the above equation in the form 

Hence, if V is the maximum value of v, it follows that 
V__^ 1 1 

\ 


v'<^;'+ (ig*; 
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'©r, if we write l\i for 1/llj and K for 1/R, we have 

V K. 

^ -h ( K, + K)§ ** 

If, then, C = 0, ‘©r if the low-tension voltmeter has bo sensible capacity, we 

V _ R 

■have V'"K,+S’ 

TO other words, the maximum or root mean-square value of the volt fall down 
the section of the resistance R is to the fall down the whole reHiatauce in the 
ratio of those resistances. If, however, 0 is not zero, or if p is large and if R 
and Ri are large, then the root-mean-square values of the volt falls aro no 
longer in the exact ratio of the resistances. 

There is no need to comx:)licate the proof by considering the case when these 
sections of the divided 4'esistanee have slight inductance. The same principle 
holds good. 

Hence, altlioxigh the use of the divided resistance is 
a convenient method of stepping from one voltmeter to 
another, it is necessary to take the precaution to check 
the high-tension voltmeter by the only unexceptionable 
method — by connecting it to the terminals of a Iiigh 
known resistance through which a known measured current 
is passed. 

§ 7. Self recording Yoltmeters. — In many cases it is 
necessary to secure a continuous record of the diherence in 
potential between two points, and this can be accomplished 
by the use of a self-recording voltmeter. These instruments 
oonsist of two parts — a voltmeter part and a paper-carrying 
•drum which is made to revolve by clockwork uniformly. 
The voltmeter part carries a pen, which is displaced by tlie 
voltage applied to the instrument. Hence, if the pen is at 
rest and the drain revolves, the pen will draw a line on the 
paper which will be a straight line when the paper is removed 
from the drum and spread out. If the pen is displaced by a 
voltage applied to the instrument, then the line is a sinuous, 
irregular line. If the displacements of the pen are exactly 
proportional to the voltage, then the ordinaters of the curve 
will measure this voltage. If not, then paper ruled up in 
lines placed at intervals equal to 1 volt or 10 volts is 

Q a 
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employed; so that an inspection of the* line drawn by the pen 
satfices to determine the voltage. The voltmeter part may 
be a hot-wire voltmeter, as in the Pitkin-Holden instrument 
{see Fig. 14). In this ease the expansion of the wire caused 
by the current flowing through it is made to move the pen 
arm by an amount increased by the use of a multiplying 
gear. 

In other cases the voltmeter mechanism is electro- 
magnetic; as in the Kelvin recording voltmeter {see Fig. 15) 
or Elliott instrument {see Figs. 16 and 17). In the Kelvin 
instrument the control is by gravity, and the electro^ 
magnetic action of a solenoia on an iron core lifts o-r lowers 
the pen. 

In testing a self-recording voltmeter the clock mechanism 
must first be examined, to see whether it keeps correct time. 
Then the voltmeter part must be separately tested by the 
potentiometer, to ascertain if this portion of the mechanism 
works properly. 

Self-recording voltmetei*s are employed to detect the 
irregularities of pressure in connection with electric supply 
stations, and to decide whether complaints as to abbreviated 
lives of glow lamps are due to the qualities of the lamps or 
to excessive variation of service pressure. A self-recording 
voltmeter is useful in connection with tests of secondary 
batteries to determine the exact time at wdiich the voltage 
per cell has fallen to 1*8 volts, below which voltage no current 
readings are of any value. They are also necessary in con- 
nection with life-tests of incandescent lamps. 

§ 8. Extra High-Pressure Yoltmeters.— In connection with 
cable and transformer testing it becomes necessary to employ 
voltmeters for measuring extra high pressures and voltages 
such as 20,000 to 60,000 volts. Instruments for this purpose 
have been designed by Lord Kelvin depending on the 
attraction exerted between a fixed disc and one suspended 
over and parallel to it — from the arm of a steelyard. The 




ie closed); 
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discs are included in a case which is well earthed {see 
Fig. 18). 

The movement of the suspended disc is limited by stops. 
The control is a gravity control. The instrument is provided 
with certain weights which, when hung on the beam, cause 
the deflection of the scale beam under the electrostatic forces 
to have a definite and indicated value in volts. 



Fig. 18. — Kelvin Higli-Tcusion Voltmeter. 

Since the attractive force between two such parallel discs 
varies as the square of the difference of potential, the 
instrument is equally well adapted for use with continuous or 
alternating-current voltages. A modification of this instru- 
ment has been made by Messrs. Pirelli, of Milan {see Pig. 19), 
for measuring voltages of 25,000 or so. A fixed plate. A, 
exerts an attraction on a movable one, B. The two plates are 
enclosed in a cylindrical copper case, M, and the whole is 
placed in a glass cup filled with vaseline oil. C is a glass 
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shade from the top of which the pole P' projects, this being 
connected with the movable plate by a thin wire, D. The 
apparatus rests on an ebonite stool, T, having ebonite legs. 
Two weights are provided : with one weight one scale division 
corresponds to 500 volts, and with the other a scale division 
equals 1,000 volts. The instrument can thus read up to 
00,000 volts. 

Some instrument of the above type is indispensable in 
testing cables or condensers with high voltage. The instru- 
ment is best calibrated by the employment of a chain of 
overlapping instruments, so that we can step up from an 
electrostatic voltmeter capable of being calibrated directly by 



Fig. 20. — Kelvin Water Battery. 


a Clark cell to one of the above type. Thus, if we have three 
electrostatic voltmeters — one reading from 500 to 2,000 volts, 
one from 1,000 to 5,000, and one from 4,000 to 20,000, we 
can reduce the readings to their eq^uivalent in terms of the 
international volt as defined hy a Clark or "Weston cell. 

Without a chain of overlapping voltmeters there is some 
difficulty in verifying the indications of an extra high- 
tension voltmeter, because the construction of a resistance 
capable of having these very high potentials put on its ends 
is an expensive matter. One way in which it can be done 
is by the use of a series of condensers charged by a bat- 
tery of small cells. Lord Kelvin has designed a simple 
form of water battery consisting of small slips of copper 
and zinc placed so close together {see Fig. 20) that, when 
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dipped in water, a small drop is held up hj capillary action 
between the alternate plates. This arrangement may be made 
to furnish. E.M.F. up to 1,000 volts by having a sufficient 
number of plates. The E.M.F. of the battery can be measured 
by a standardised voltmeter of the electrostatic type. The 
cfells have, however, such high internal resistance that any 
attempt to take from them a current, even though exceedingly 
small, results in a great fall in terminal potential difference. 

In addition to these cells we must be provided with a 
number of condensers made with glass, paraffined paper or 
mica as dielectric. These condensers must lirst be tested to 
ascertain the rate at which the terminal potential difference of 
the condenser falls off with lapse of time, after being charged, 
due to internal or external leakage. If the condenser is 
charged with the water battery and connected to an electro- 
static voltmeter we can observe the rate at which the 
voltmeter deflection decays. This is partly due to leakage in 
the condenser, and partly to leakage in the voltmeter. The 
voltmeter must be separately tested, and should have such 
good insulation that, if charged and left to itself, the poten- 
tial, as indicated by the needle, does not fall to half its value 
in a q^uarter of an hour. 

If the condensers are all found to be equally free from 
leakage, then they may be arranged in series and all be highly 
insulated. Each one is then separately charged in the 
same direction, say to 1,000 volts, by the battery, and the 
result is that the potential differences are added together, and 
between the extreme terminals of the series of condensers we 
have a potential difference represented by nY, where n is the 
number of condensers and V is the E.M.F. of the batteries. 
In this experiment both battery and operator must be very 
highly insulated by being placed on blocks of paraffin wax 
or sheets of ebonite. 

It is easy to arrange a highly insulated commutator, 
consisting of a block of paraffin wax having small holes 
bored in it/to act as mercixry cups, and, by means of wire 
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forks attached to ebonite handles, to so connect up the 
condensers that they can be charged in parallel and then 
arranged in series. 

Various forms of commutator have been devised to effect 
such a change quickly. An arrangement was employed by 
Gr. Plants in his researches, and more recently by Prof. 
Trowbridge. A more effective though expensive arrangement 
is to employ small secondary cells. Series of 50 small litha- 
node secondary cells may be arranged in trays so as to give 
100 volts. These may be supported on shelves on blocks of 
paraffin, and sets of these 50 cells may be joined up in series. 
In this manner, high voltages may be ereated of known value. 
These may .be multiplied by the use of condensers charged 
in parallel and then joined in series. In this way, by 
employing series of cells and condensers charged in parallel 
and then arranged in series. Prof. J. Trowbridge has built 
up potential differences amounting to two or three million 
volts, capable of giving electric sparks 7ft. in length. Under 
these very high E.M.F.s he finds the air at ordinary pressures 
becomes conductive and behaves like the rarefied air in a 
vacuum tube under lower electromotive force. 

Ir is not beyond the bounds of possibility to provide in an 
ordinary electrical testing laboratory a continuous voltage of 
approximately 10,000 volts. This is best done by setting up 
small secondary cells in sets of 40 cells. These can be put 
up in stout glass test tubes, which are carried in holes bored 
out in blocks of paraffin wax. These cells are joined up in 
series, and each set can be charged off an ordinary 100-volt 
circuit through a carbon filament lamp or high resistance. 
The sets of 40 cells are joined in series, being arranged on 
ebonite shelves in a sort of cabinet. One hundred and 
twenty-five of these sets can be arranged in the cabinet, 
and give, when charged, an E.M.F. of 10,000 volts. The 
test-tubes in which the cells are set up may be lin. in 
diameter and 6in. high, and contain two small plates of 
lithanode in each cell. Each shelf in the cabinet can be 
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made to hold one dozen sets of 40 cells and on 10 or 11 
shelves the sets requisite to give 10,000 volts can be arranged. 
The cells can be used to charge mica or glass condensers, 
and by means of 10 condensers, each having a capacity, say, 
of 0*1 of a microfarad, charged in parallel and then arranged 
in series, we have the means of building up a known potential 
of 100,000 volts, and for calibrating an electrostatic voltmeter 
for measuring extra high pressures. 

§ 9. Laboratory and Switchboard Yoltmeters.— A classi- 
fication of voltmeters intended for laboratory and dynamo 
room use, sufficient for present purposes, is as follows: — 

A, Glassification by Type. 

(1.) Continuous-current voltmeters. 

(11.) Alternating-current voltmeters. 

(III.) Universal voltmeters. 

B. Glassification by Principle. 

(i.) Electrostatic voltmeters. 

(ii.) Electromagnetic voltmeters. 

(iii.) Electro-thermal voltmeters. 

C. Glassification by Bange and Use. 

{a) Laboratory or table voltmeters. 

(6) Switchboard voltmeters. 

(e) Extra high-tension or testing voltmeters. 

It is impossible to describe here all the numerous forms of 
voltmeter which have been devised. There are certain types 
which have survived in the struggle for existence because 
they have proved most convenient. 

In laboratory work, for use with continuous currents only, 
one of the best forms of table voltmeter is the Weston 
voltmeter. This instrument is of the electromagnetic type, 
and consists of a well-aged magnet, which provides a 
permanent field. In this field is supported on jewelled 
centres an axis which carries a circular coil of wire. The 
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coil carries an index needle. In series with the coil is a 
high non-indiictive resistance. The passage of a current 
through the coil causes it to turn so as to place its magnetic 
axis more or less in line with the field. This motion is 
resisted by the torque of a steel spring like the hair spring of 
a watch. The instruments are so made that the scale 
division reading in volts or fractions of .a volt are equal and 
there is no dead or undivided portion of the scale. The 
instruments are very dead-beat. One of the most useful 
forms is the voltmeter reading from 0 to 150 volts from 
one pair of terminals, and by the use of another pair 
reading from 0 to 15 volts over the same range of scale. 
These voltmeters have a very high resistance — ^from 10,000 
to 15,000 ohms. Hence the actual current taken is very 
small In the next place, for alternating-current laboratory 
measurement the multicellular electrostatic voltmeter of 
Lord Kelvin is very valuable. This instrument has already 
been described in detail (see Chapter I, p. 132). 

Other types of voltmeter available like the electrostatic 
instruments both for alternating and continuous voltage are 
the electro-thermal voltmeters represented by the Cardew and 
Hartmann and Braun hot-wire voltmeters. The Cardew 
voltmeter consists of a platinum-silver whe well aged by 
being repeatedly heated and cooled. This is carried on a 
support which in one form consists of a pair of compound 
metal rods made of one-third of iron and two-thirds of brass. 
The platinum-silver wire is fixed to one end of the support 
and the other end of the wire is attached to a motion- 
multiplying gear. The object of making the rods partly of 
iron and partly of brass is to give them the same resultant 
coefficient of expansion with heat as the platinum-silver wire, 
so that no external changes of temperature cause any 
difference of expansion in the wire and rods ; but the 
indicating mechanism is only caused to operate when the 
wire expands more than the rods. The rods, wire and 
mechanism are enclosed in a brass case. 
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In another and better form of instrument the support 
which carries the wire is not a pair of rods but a tube, partly 
of brass and partly of iron, which is split longitudinally so 

to enable the wire to be easily inserted. This form- is 
called the tube instrument. The split tube is enclosed in 
another outer casing tube. The resistance of the wire is 
generally about 300 ohms. Hence, if its ends are attached to 
a circuit of 100 volts, the wire passes about one-third of an 
ampere. This causes it to be heated and to expand. The 
heat radiated by the wire heats the rods or supporting tube 
and causes it also to expand. After a short time a stationary 
condition is reached, in which, whilst the wire and rods or 
tube are both hot, the wire is hotter than the supports, and 
hence the magnifying mechanism indicates on the dial by the 
position of the needle a certain relative elongation. Corre- 
sponding to each particular voltage on the wire there is a 
position of the indicating needle on the dial. Hence the 
instrument can be calibrated as a voltmeter. 

In the rod instrument, if the current is switched off the 
indicating needle goes hack to zero and then passes back 
beyond it. This is due to the fact that the thin wire cools 
more quickly than the rods, and hence, for a short time, the 
rods are expanded relatively to the wire. In the tube form 
of instrument this effect is not so apparent. For the same 
reason the reading of the instrument must not be taken until 
the voltage has been kept on it for a few minutes. One 
objection to the Cardew form of voltmeter is the large power 
taken up by it. If the wire has a resistance of 300 ohms 
when hot and with 100 volts on the terminals, then the 
instrument is taking up about 33 watts, and if kept on the 
circuit for three hours it uses nearly one-tenth of a Board of 
Trade unit of electric energy. Hence, relatively to many 
other electromagnetic instruments, and to electrostatic ones, it 
is uneconomical for continued use. The Cardew voltmeter 
should always be fixed with its tube horizontal, as in this 
position the air convection currents in the tube are less 
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Flu. 23. — Kelvin Edgewise Voltmeter. 
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violent than when in a vertical position. If placed with the 
tube upright, then the air convection currents cause small and 
frequent changes in temperature in the wire whicli make the 
indicating needle “breathe,” or move slightly to and fro. 
The instruments are usually calibrated for use between 
40 and 150 volts, and hence are not suitable for measuring 
very low voltages. 

Another form of thermal voltmeter is that of Hartmann and 
Braun (see Fig. 21). In this instrument the platinum-silver 
wire is fixed at the ends, but when heated by a current 
it “sags,” and the sag is detected and measured by a delicate 
multiplying mechanism. The needle is kept from vibration 
by a damping copper disc attached to it which moves between 
the poles of a permanent magnet. 

These hot-wire voltmeters, like the electrostatic, are suit- 
able for use with alternating currents of any frequency, not 
very high, as well as with continuous currents, since their 
indication depend upon the heating power of the current, 
which is proportional to the square of the current, and there- 
fore to the square of the potential difference of the terminals. 

For switchboard purposes a voltmeter is preferred which 
has a scale in* a vertical plane. If the voltmeter is to be 
kept continuously in connection with a circuit, electrostatic 
instruments have a great advantage over electromagnetic or 
electrothermal, in that they take up no sensible amount of 
‘power. Moreover, in contrast with electromagnetic instru- 
ments, they can be employed for direct as well as alternating 
currents, and in the latter case their indications are indepen- 
dent of the frequency. 

In the class of voltmeters suitable for switchboard work 
we may especially include the vertical multicellular pattern 
of Kelvin electrostatic voltmeter {see Fig. 22), which is made 
for various ranges of voltage. 

A type of voltmeter for switchboard work, called the Edge- 
wise pattern {see Fig. 23), is often used on switchboards 
because of the small space it takes up. This instrument, 
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together with the Kelvin engine-room voltmeter, is of the 
electromagnetic type, and depends for its action upon the 
attraction of a small, carefully annealed rod of iron by a 
solenoid. 

In testing a voltmeter for station or workshop use it is 
necessary to pay attention to the following points: — 

Kirst, the accuracy of the scale readings must he checked 
with the potentiometer if the voltmeter is for continuous 
currents, or by reference to a carefully-calibrated electrostatic 
voltmeter if the instrument is for alternating currents. In 
so doing the voltmeter should be first tested with gradually 
increasing voltage and then with gradually diminishing 
voltage, to ascertain if there is any hysteresis error. This is 
especially necessary in the case of electromagnetic instru- 
ments containing iron in their construction. 

In the next p)lace, the voltmeter should be tested with the 
voltage applied in both directions on the terminals, if the 
instrument permits this being done. This is essential in 
the case of electrostatic instruments to detect any contact, 
potential or volta-effeets due to contact of different metals. 

In the case of alteniating-current voltmeters the effect of 
varying the irecj,uency should be examined. In all cases the 
disturbing effects of varying position, or of the proximity 
of magnets or wires conveying continuous or alternating' 
currents, should be carefully employed. In the case of switch- 
board iustruinents this is very necessary, as some types of 
instrument indicate correctly when isolated but very incor- 
rectly when in the neighbourhood of conductors conveying 
strong currents. 

In a vertical pattern electrostatic voltmeter, in which the 
needle moves on pivots, it is essential that the needle axis 
should, be carried, in jewels or on friction wheels. The 
electrostatic forces brought into play are not large, and if 
pivot friction exists the instrument will he sluggish and will 
require a great deal of tapping to make the needle take up 
its right position when the voltmeter is in the circuit. 
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Another source of error in electrostatic voltmeters is that 
due to the electrification of the glass front by friction. 

Prof. Ayrton has studied this question, and has devised 
various transparent varnishes which are sufficiently con- 
ducting when dry to prevent an electric charge being held 
on them. The glass front of the voltmeter is covered with 
a layer of this varnish, and it is impossible to disturb the 
instrumental readings by electrifying the surface by touching 
or rubbing. Two of Prof. Ayrton’s formulae for a varnish 
of the above kind are given below : — 

(i.) Dissolve Joz. of transparent gelatine in loz. of glacial acetic acid hy 
heating them at lOO^C. To this add half the volume of dilute 
sulphuric acid (one part of strong acid to eight of water by 
volume) and apply this whilst warm to the glass shade. When 
this film has become hard, apply over it a coating of Griffiths’ 
anti-sulphuric enamel. 

(ii.) Thin the gelatine solution prepared as above by the addition of 
acetic acid (say, two volumes of acid to one of solution), and, after 
drying the glass, float this solution over it. Drive off the excess 
of acetic acid by warming. Allow the glass to cool, and repeat 
the process. Thin anti-sulphuric enamel by the addition of 
ether and float it over the gelatine layer. Expel the ether by 
heating and apply a second layer of ami-sulphuric enamel. 

A glass disc so coated is quite as transparent as one 
'not coated, but it cannot be electrified by touching or 
rubbing it or holding near it an electrified body. The varnish 
'film acts as a metallic screen would do in preventing elec- 
trification of the interior portions of the voltmeter.* 

A good switchboard voltmeter should comply with the 
following conditions : — 

(i.) It should not be affected by external magnetic fields, 
such as exist in the neighbourhood of switch- 
hoards. It is quite common to find that the 
stray fields on the front of a station switchboard 

* See Ayrton and Mather “ Transparent and Conducting Screens for 
Electric and other Apparatus,” Proo. Inst. Elec. Eng., April 12, 1894 ; also 
The Etectriciomf Vol. XXXII., p. 693. 
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have a strength of 5 to 10 C.G.S. units — that is, 
25 to 50 times the earth’s horizontal field. 

(ii.) It should not he affected by outside electrostatic 
fields, or by rubbing the dial glass. 

(iii.) It should have no temperature error. 

(iv.) It should have a high resistance, so as to measure 
equally accurately the pressure at the station 
’bus bars or at the ends of long thin pilot wires. 

(v.) It should have as large and open a scale as j)ossible. ' 

(vi.) It should be dead-beat if possible without the use 
of dashpots. 

(vii.) If employed with alternating voltages, its readings 
should be independent of frequency. 

(viii.) Its readings should not be aflbctod ].)y variations 
in external temperature or by vibration, and it 
should be easy to pack, transport and fix u]) on 
a switchboard, and take up as little room as 
possible. 

Hardly any voltmeter complies perfectly with tlie wliolc of 
these conditions. The electrostatic instruments comply well 
with (i.), (iii.), (iv.) and (vii.), and the electrothermal with (iii.) 
and (vi.). Many electromagnetic instrnniGnts of tlie movable 
coil permanent magnet type are much affected by external 
magnetic fields. Hence such switchboard voltmeters should 
be calibrated in position and checked constantly against a 
tested electrostatic instrument. 

If a switchboard is equipped witli electromagnetic volt- 
meters it is well to have at least one electrostatic instrument 
in connection with them. 

In selecting these instruments, if not electrostatic, regard 
should be taken of their resistance and of the amount of 
power they take up and the energy absorption in watt-hours 
per year of ordinary use. A voltmeter which has a resist- 
ance of only 1,000 olims takes up 10 watts wlien used on a 
100-volt circuit, and absorbs therefore 1 HT.U. in 100 hours 
of use. Hence the switchboard absorption of power maj 
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aniount to a not inconsiderable amount if voltmeters of low 
resistance are largely employed. 

Prof. Ayrton and Mr. Mather have devised an electro- 
magnetic astatic voltmeter for switchboard purposes which 
is, as far as possible, free from liability to disturbance by 
external magnetic fields. For details of this instrument the 
reader is referred to the Paper describing it in the Froceeclings 
of the Institution of Electrical Engineers, April 12, 1894, or 
The Mecirician, Vol. XXXII., p. 688, 1894 
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TABLE I. 

Electromotive Force of the Clark Cell at Various Temperatures, 
based on the Board of Trade Value at 15°C, 


Temperature. 

E.M.F. 

Temperature. 

E.M.F. 

6°C. 

1-442 

16°C. 

1-4317 

7°C. 

1-441 

17°C. 

1-4307 

8°G. 

1-440 

18°C. 

1-4297 

9°C. 

1-439 

19°C. 

1-4287 

10°C. 

1-438 

20°C. 

1-4278 

irc. 

1-4365 

21°G. 

1-4267 

12°C. 

1-4355 

22°C. 

1-425 

18°C. 

1-4345 

23°C 

1-4235 

14°C. 

14335 

24°C. 

1-4226 

15°C. 

1-4326 

25°C. 

1-4216 


The values from 10°C. to 2l®C. are given to three and also to four places 
of decimals. 



CHAPTER V. 


THE MEASUEEMEHT OP ELECTEIC POWER. 

§1. Electric Power: Mean Power and Power Factor. — 

When an electric current exists in a circuit there is an 
aosorptioii of power by the circuit due to its electrical resis- 
tance, and this power is ultimately dissipated as heat. If the 
circuit contains one or more sources of counter-electromotive 
force against which a current is urged by the external impressed 
electromotive force, additional work is done and power is 
expended on the circuit. Considering, first, the case of 
unvarying continuous dr unidirectional electric currents, we 
can estimate the power expended on the power-absorbing 
circuit by measuring separately the current through the 
circuit and the difference of potential of its ends. 

If V be this difference of potential, then the work done 
in raising a quantity of electricity, Q, through a difference 
of potential V is QV, and if this work is uniformly pei*- 
forined in a time T, then QV/T is the rate of doing work, 
hut Q/r=:C, or is the measure of the current in the power- 
absorbing circuit. Hence, the measure of the power being 
taken up is the numerical value of the product CV. 

Accordingly, in the case of unvarying unidirectional 
currents the practical measurement of the power absorbed 
■electrically by any circuit consists in measuring the current 
in the circuit and the fall in potential down it, and taking 
the numerical product of these values. These two readings 
may be taken by separate instruments, an ammeter and a 
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voltmeter, or the product may be directly obtained at one 
reading by the use of a wattmcUr, or electric power- 
measuring instrument. 

If the power taken up from instant to instant varies, the 
mean value taken at equidistant intervals may be calculated 
or obtained from a ^oioer curve. Thus, if the horizontal 
distances in the diagram in Fig. 1 represent time and the 
vertical distances ;poiver, then, if observations are taken at 
certain times of the power being absorbed by a circuit, and 
ordinates are drawn to scale to represent these values, the 
curve obtained by joining their upper ends is a ^ower curve,. 
The mean ordinate of this curve is the mean 'poiver, and tlie 
product of the mean power and the whole time of observation 
gives us the total energy absorbed by the circuit in that time. 



If the ciirrent flowing in the power-absorbing circuit is an 
alternating current, then we have two cases to consider: 
first, when the circuit is non-inductive, and second, when 
it is inductive. In the first case the mean power taken up 
by the circuit is measured by the product of the root-mean- 
square (E.M.S.) values of the current and the terminal 
potential difference or voltage; in other words, by the 
product of the ammeter and voltmeter readings, employing 
proper instruments for recording these quantities. When 
the circuit is inductive, the true mean power is measured by 
the product of the root-mean-square values of the current 
and terminal voltage and a factor ceilled the jpower- factor. In 
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the case when the current and voltage vary periodically in 
a simple harmonic manner the power-factor is the cosine of 
the angle of phase-difference of the current and terminal 
voltaga^ 

Hence, generally, we may say that in all cases the mean 
jmwer taken up in a circuit is measured by the product of 
the three cpiantities — the E.M.S. value of the terminal 
voltage, the E.M.S. value of the circuit current, and the 
power-factor. If the circuit is non-inductive the power- 
factor is unity, and if the current is continuous the E.M.S- 
value is tlie same as the unvarying value of this quantity. 
If the current is alternating the product so obtained is the 
mean power during this phase. 

§ 2. Measurement of Power in the case of Unvarying 
Continuous or Direct Currents. — If a circuit is traversed 
l)y a continuous or unvarying current, in order to measure 
the power taken up we have to measure the current in 
tlie circuit and the terminal voltage. The current can be 



Fig. 2. 

measured by a correct ammeter and the voltage by a volt- 
meter. Tlie voltmeter should preferably be of the electro- 
static type. If, however, the voltmeter is electromagnetic, or 
takes up a current, then a correction will be needed in the 
ammeter reading. 

The voltmeter and ammeter should be arranged as shown 
in Fig. 2, where A is the ammeter, V the voltmeter and P 

* The term 'power-faotor, defined as above, was first suggested and so used 
by the Author in a Paper entitled “ Plxperimental llesearches on Alternate 
Current Transformers.” See Froo. Inst. E.E., 1892, Vol. XXI I. , i\ 606. 
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the power-absorbing circait. Then it is necessary to deter- 
mine the current taken up by the voltmeter’, and to deduct 
this value from the ammeter reading to obtain the true 
current taken by the power-absorbing circuit alone. This 
correction is the more necessary in cases in which the current 
taken by the power-absorbing circuit is small. It may, how- 
ever, be neglected in many other cases in which the voltmeter 
current is very small in comparison with the total current. 

If the voltage or the curi*ent are either of them very small 
it may be quite impossible to obtuin really good power 
measurements when using commercial ammeters and volt- 



meters. Tliis is the case in power measurements made on 
small candle-power low-voltage incandescent lamjTS. Under 
these conditions it is better to employ a potentiometer for 
taking the current and voltage readings. The following 
arrangement is a very effective one for obtaining (puckly 
good power readings in the case of incatuhiscent lam])s. 

The lamp, or power-absorbing circuit P Fig. S'), has 
placed in series with it a manganin resistance E of about 
1 ohm, and across its terminals a manganin resistance r of, say, 
10,000 ohms, divided into two sections, having resistances in 
the ratio of 1 to 99. From the ends of tlie series resistance 
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of tlie small section of the divided resistance, wires are 
^^X'oiight to a potentiometer, and the volt-fall down these 
tiown resistances measured. If the series resistance is 
'^-Xaetlj 1 ohm, these volt-falls give us at once the current 
hh^pougli the lamp in amperes and xiijfli part of the terminal 
'^^oltage on the lamp. These voltage measurements are of 
'^"oin-se referred to that of the Clark or Weston cell, Ck, used 
the potentiometer. 

It is necessary always to apply the above-mentioned cor- 
^•o.ction, and to deduct from the current, through the series 
I'Osistance, tlie current passing through the divided resistance 
^thtacliedto the terminals of the lamp. The measurements 
he depended upon to a fraction of 1 per cent., provided 
1 U'tt the standard cell and the resistances have been prevdously 
<*iti*erully checked or standardised against correct standards. 

poicntiometer nieasurenients, and the setting of the 
1 X )tcnti(jiiieter, can he very quickly accoinplislied when using 
•Ji- Orom}>ton form of ])otoutiometer. 

The scheme of connections is shown in lug. 3. The 
lUisistance It in series with the power-absorbing circuit P 
«Hlxould, if possible, be a 1-ohm resistance, because then 
ctsxlculations are sim]»lified, and the volt-fall down this 
i*c*Bistance is the numerical value of the current through 
t.iie circuit. The divided. shunt resistances may be either 
divided in a 09:1 or 0:1 ratio. By the use of a clouhle- 
|>ol€ switch on the potentiometer, or parallel bars and plugs 
tlie readings of tlie volt-fall down the series and down 
tlte decimal fraction of the divided resistance can be taken 
?^iicc(issively with great expedition. 

H’he same arrangement may he applied also in measuring 
die power ul)Sorbed by a continuous-current motor, provided 
the load on it is steady. 

§ 3. Measurement of Continuous Current Power by the 
IftTa-ttmeter. — If it is desired to obtain the measurement of 
t.lie ])Ower absorbed in a circuit traversed by a direct or 
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unidirectional current by one observation, then a wattmeter 
of the Siemens type naay be used. This instrument has 
already been described {see p. 181, Chap. I.). In using 
it to measure continuous current power the fixed circuit 
of the instrument is joined in series with the power- 
absorbing circuit, and the movable or shunt coil of the 
wattmeter is joined across the terminals of that circuit. 
The fixed coil is then traversed by the current through 
the power circuit, and the movable coil by a current 
which is proportional to the P.D. of the ends of this 
circuit. The electromagnetic torque between the fixed 
and movable circuits of the wattmeter has then to be 
balanced by a mechanical torque produced by giving the 
movable head of the wattmeter a twist. Let Q be this 
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Fig, 4. 


twist in angular degrees or divisions of the wattmeter 
circular scale. The electromagnetic torque between the 
wattmeter coils is proportional to the numerical product 
of the currents in these coils. Let C he the current in 
the series coil, let c be the currents in the shunt coil, and 
let R and r be the resistances of these circuits respectively* 
Then let 6- be such a constant that G9 = Cc. G- is called* 
the wattmeter constant. It can he determined by passing 
known constant currents, or one and the same current, 
through the wattmeter coils and observing the twist which 
must he given to the wattmeter head to bring hack the 
movable coil to its normal position, with its axis at right 
angles to that of the fixed coil. 

There are two ways in which the movable or shunt coil 
can be connected. Pirst, it may be joined up as shown in 
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Fig. 4, where P is the power-absorbing circuit, S the series 
coil of the wattmeter, and s the shunt coil. In this case 
the power absorbed in P is equal to the product of the 
currentf G and the potential difference of the ends of P, 
h which last is equal to cr-CR Hence, if we call W the 
power absorbed in P in watts, we have 

W=:C(cr-CE)=Crr-^C2E ; 

but if Gr is the wattmeter constant, then G6=GCy and hence 
W+C-R=:G6r. 

In other words, the twist which will have to be given to the 
head of the wattmeter under the above conditions to bring 
back the movable coil to its zero position is proportional to 
the %iim of the power absorbed in P and that in S the 
series coil, ajid inversely as the resistance of the shunt coil. 


P 

Fig. 5. 

If, on the other hand, the shunt coil of the wattmeter is 
connected up as shown in Fig. 5, then we have, using the 
same notation, 

■W=:cr(C-c)=:Ccr-cV, 

W^ch—GOr, 

and hence the twist 6 is proportional to the sum of the 
power absorbed in the circuits P and 5, and inversely as the 
resistance of s. 

Accordingly, it will be seen that the scale reading of the 
wattmeter is never proportional simply to the power 
absorbed in the circuit under measurement, but it always 
reckons in as well the power absorbed in one of its own 
circuits. 
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This correctioa may l)e negligible, but it becomes of 
importance in the case of ciicnits taking either very small 
currents or very small voltages. 

A precaution wliich must not be neglected in using the 
dynamometer wattmeter in measuring continuous current 
power is to set the instrument in such a position that the 
horizontal magnetic held of the earth does not exercise any 
action upon the movable coil when this last is traversed by a 
current. For wlien a continuous current is passing through 
the movable coil it becomes a magnet and is directed by the 
magnetic field of the earth. This may be discovered and 
neutralised ill the following manner: — Before beginning an 
experiment joass a continuous current through the shunt 
coil of the wattmeter only, and observe whether there is any 
tendency iix this coil to move one way or the other when 
this current flows through it. If so, turn the wattmeter 
bodily round into various positions. This may be easily 
accomplished by placing it on a turntable. A position can 
be found in. which the movable coil of the wattmeter is not 
changed in position by the passage through it of a current. 
This will be the case when the magnetic axis of the movable 
coil coincides with the direction of the eartli’s magnetic 
field at that place. The wattmeter must tlien be used in 
this position, and we shall know that the current through 
the movable coil has no effect by itself and apart from the 
action of that in the fixed coil in causing a (lisplacemeiit of 
the suspended coil of the wattmeter. 

The wattmeter can of course he calibrated or its constant 
discovered by sending through its two circuits a current the 
value of which in amperes is known. Ve may define the 
wattmeter constant G, used in the eq[uatioiis above, as the 
reciprocal of the numerical value of the twist which must be 
given to the head of the wattmeter to bring the movable coil 
hack to its normal position when a current of 1 ampere flows 
through both coils joined in series. Tor the wattmeter 
constant G is defined by the equation 

Gd==Cc 
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where C is the current through one coil and c that through 
the other. Hence, if C = c=l, we have 

G=l/ft 

0 being the restoring twist which must be given to the 
wattmeter head. Otherwise we may sta,ndardise the watt- 
meter by observing the torsion necessary to be given to the 
head when it is connected to a power-absorbing circuit 
through which a known current is fiowiiig and down which 
tiiere is a known volt-fall. 

§ L Measurement of Alternating-Current Power. — In the 

case of single-phase alternating-current power measurements, 
when the current flows in a circuit having a power-factor 
of unity, or one which is practically non-inductive, we can 
measure the power taken up by the numerical product of the 
root-meaii-sq^uare (K.M.S.) value of the current and the 
E.M.S. value of the voltage or fall of potential down it 
This can be clone with any ammeter and voltmeter suitable 
for measuring the alternating current and voltage in 
question. 

If, for instance, incandescent lamps are being operated by 
means of a single-phase alternating current, the power taken 
up in them, reckoned in watts, is obtained by taking the 
product of the values of the terminal potential difference in 
volts, as read by an electrostatic voltmeter, and the current 
in amperes as given by a hot-wire or other suitable alternat- 
irig-curient ammeter ; or else a wattmeter can be used, with 
certain precautions, named below, as to its construction, to 
nieasiire directly the same cpiantity. If, however, the circuit 
is nob iioii-indnctive, but has a power factor sensibly less 
than unit}^ then the product of the R.M.S. values of the 
current through it and the fall of potential down it does nob 
give the true power taken up in that circuit, but gives what 
is called the apparent or, as it is also called, the wit- 

amperes. 
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The true power taken wp can he obtained bj the employ- 
ment of a properly constructed wattmeter.* In the con- 
struction of a wattmeter for use with alternating currents it 
is most important that there should be no metal near to the 
fixed and movable coils. Instrument makers generally pay 
no attention to this detail. They delight to devise wattnictei's 
iir wdiicli the working parts are enclosed in lerass cases or are 
wholly made up of metal. When such an instrument is used 
with alternating currents, eddy electric currents arc set up in 
the metal portions of the instrument near tlie coils, and these 
react upon the movable coil when it is traversed by an 
alternating current and create additional and disturbing 
mechanical forces which displace it. Hence the readings of 
such a wattmeter may he, and generally are, quite erroneous 
when it is used with alternating currents, and no reliance 
can be placed upon them. 

An alternating-current wattmeter must be constructed 
entirely of non-conducting material, and no metal work 
should exist in proximity to the coils of the instrunient.t 

We can show experimentally that this induction of eddy 
currents in neighbouring conductors must be a source of 
error in wattmeter readings when employing alternating 
currents. Suspend a coil of insulated wire wound on a 
rectangular or circular frame, and let an alternating enrient 
fiow through it. The coil may be suspended l^y a wdre ox l)y 
■a bifilax suspension. When traversed by the alternating 
current, hold a sheet of coppoer near the coil. It will be 
found to be repelled. This repulsion arises from the reaction 
■of the eddy currents set up in the copper, and is an effect of 

* For a full discussion, of the formula) for obtaining the true power taken 
■Up in an alternating-current inductive circuit the reader may consult the 
Author’s treatise on “The Alternate Current Transforincr.” See Vol. L, 
.3rd Edition, pp. 147-157. 

■f For an illustration of the errors 'which ma7 arise bj neglecting the aho ve 
precautions, the reader is referred to a Paper by the Author entitled “Experi- 
mental Kesearches on Alternating Current Transformers.” See Proe. Inst. 
E. E., London, Tol. XXL, 1892, p. 666. 
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tlu. same cliaxacter as that which gives rise to tlie phenomena 
ol dcch'O'niarjnttic rcj^vlsiond' 

1 1 is evident, therefore, that, if mechanical forces are broaght 
to bear on tlie movable coil of an alternating- current watt- 
inet(ir due to any other cause than the mutual action between 
it and the fix:ed coil, errors in its indications must ensue. 

§ 5. Measurement of the Power taken up in the case of 
High-Tension Alternating Current Circuits.— When eni- 
i)loynig; a wattmeter to measure the power taken up hy an 
inductive or non-inductive circuit, the voltage of supply 
Ijeing high, as in tlie case of alternating-current transformers,^ 
certain precautions are necessary for safety and economy. It 
is, of course, possible to place the series coil of the wattmeter 
in series with the power-absorbing circuit and to join the 
shunt coil of the wattmeter in series with a suitable induc- 
tionkis.^ high resistance, and to place this last circuit as a shunt 
in tlie ends of the power-ahsorbing circuit. If, however, the 
volt-fall down the power-absorbing circuit is large, this will 
in gmieral necessitate a great expenditure of power in the 
wattnietci* shunt circuit and associated resistance. The 
Ardhor thcrcibre devised, in 1892, the following method of 
working, whicli has many advantages.^ It depends upon the 
well-known fact that, in the case of a good closed iron circuit 
alteniating-ciirrcnt transformer, not much loaded up on its 
Hcwnidaiy Bide, the primary voltage is always exactly opposite 
ill |)hase to the secondary voltage and propoortioiial to it 

1 hnn^e we may make use of such a transformer (called an 
uvixiliiiiy transformer) to reduce voltage in a known ratio, 
In it still preserve its phase. The wattmeter is accordingly 
urranged as follows — 

The series coil of the wattmeter is joined in series with 
the power-absorbing circuit {see Pig. 6). Across the circuit 
fcriniiials supplying the voltage is connected the primary coil 

• F«r a full discu^sioD aad description of these effects, the reader is referred 
to the Author’s} treatise ou ‘‘The Alternate Current Transformer.” VoL L, 
.3rd Edition, p. 307. 



480 THE MBASUREMINT OF ELEC THIU LOWER. 


of the auxiliary transformer T, and its secondary circuit is 
joined in series with the shunt coil 5 of the wattmeter and 
with one or more incandescent lamps, L, of suitable Toltage. 
Under these conditions the series coil S of the wattmeter W 
is traversed by the same current as that through the power- 
absorbing circuit P, and the shunt coil of the wattmeter is 
traversed by a current which is proportional to the difrerencc 
of potential of the ends of the power-absorbing circuit and 
in step with it. Hence the torque, acting on the wattmeter 
movable coil, will he proportional to the mean power taken 
up in the power-absorbing circuit. It is desirable to annul 
certain electrostatic effects by connecting one end of the 


w 



series coil of the wattmeter with one end of the secondary 
circuit of the auxiliary transformer nearest to it. 

The wattmeter is then calibrated as follows : — A circuit 
must be provided, consisting of a practically inductionless 
resistance, r, capable of being placed safely across the high- 
tension circuit. An electrostatic voltmeter, Y, and an 
ammeter, A, must be provided suitable for measuring the 
volt-fall down the resistance, called the standardising 
resistance, and the current through it. We begin by con- 
necting this inductionless, power-absorbing circuit to the 
wattmeter, and observe the current through it and volt-fall 
down it, whilst at the same time we take a wattmeter 
reading. We then know that the true power taken up in 
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tliis inductionless resistance is given by the product of tlie 
readings of the ammeter and voltmeter, and we can obtain 
at once the wattmeter constant by comparing this product, 
with the wattmeter scale reading. We then substitute for 
the inductionless circuit the inductive circuit P, and take a 
second wattmeter reading. 

A simple calculation then enables us to deduce the value 
of the true power taken up in the inductive resistance, for 
the wattmeter readings in the two cases are proportional 
to the true power taken up respectively in these circuits; 
and in one of these — viz., the non-inductive case — the actual 
power is independently obtained in watts as the product 
of the numerical values of the current through it and its 
terminal potential difference. 

It is desirable that the wattmeter readings in the two 
cases should not be very different, or, at any rate, that the 
power taken up in the inductionless circuit used to stan- 
dardise the wattmeter should not be less than that taken up 
in the inductive power-absorbing circuit under investigation. 

§6. Power Measurements in the case of Cirouits of 
Small Power Factor, — There are greater difficulties in 
measuring accurately by a wattmeter the true mean power 
taken up in a circuit of small power factor when supplied 
with alternating current than in making the same measure- 
ment when the power factor is large. This arises from the 
fact that in all cases the small residual inductance of the 
shunt circuit of the wattmeter causes the current in that 
idrcuit to he not quite in step with its terminal potential 
diflereiice. If the power-ahsorbing circuit, being examined, 
has a la.rn(‘ power factor, or one appix>aching unity, then a 
small shift or lag in the phase of the shunt coil current 
behind the phase of the potential difference between the 
ends of the power-absorbing circuit does not affect the 
reading of the wattmeter to the same percentage extent 
as it does if the power factor is small. 

n 
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Consider the case of simple harmonic variation. Then, 
if I is the RM.S, value of the current through the power- 
absorbiug circuit, and Y that of the potential difference of 
its ends, aud if (p is the phase difference of these quantities, 
then the true power, W, taken up on the circuit is lY cos <p, 
where cos p is the power-factor. Hence, 

W = IVCOS py 
and jd<f >^ — lY sin 

Therefore ~ <pd(p. 

Accordingly, for a given variation, d<p of the phase angle 
the error in the power measurement, which is measured by 
tZW/W, is greater in proportion as <p is greater. 

If, therefore^ we are employing a wattmeter of the dynamo- 
meter type to measure the true power taken up in an open 
iron-circuit transformer or in a condenser, great precautions 
must be exercised or else the wattmeter readings will be 
valueless. Tor, in the case of an open iron-circuit trans- 
former or choking coil, the power factor is small, and the 
current flowing into the circuit lags behind the impressed 
electromotive force, whilst in the case of a condenser the 
power factor is also small, but the current is in advance in 
phase of the impressed electromotive force. If any eddy 
currents are set up in metallic parts of the wattmeter by 
the current in its movable or shunt coil, this will cause an 
increase in the phase difference of the shunt coil current 
and the current in the series coil, if the series coil current 
normally lags behind the shunt coil current ; and, accordingly, 
the reading of the wattmeter will he less than it ought to 
be. This will be the case when the wattmeter is employed 
to measure the power being taken up in a choking coil or 
transformer of small power factor. The reverse is the case 
with a condenser. 

Then, since the series coil cun’ent is normally in advance 
of the shimt coil current, any eddy currents established in 
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metal parts of the wattmeter by the shunt coil current will 
tend to decrease the phase difference of the shunt and series 
coil currents, and mate the wattmeter readings larger than 
they should he. 

There is, therefore, always a tendency for the power 
measurement made with the wattmeter on a choking coil or 
transformer or inductive circuit of small power factor to be 
too small, and for that made on a condenser or circuit of - 
small power factor having capacity to be too large. 

In these cases wattmeter readings should always he care- 
fully criticised and not too readily accepted as correct evalua- 
tions of the true power absorption of the circuit. 

One way in which this difficulty of making power measure- 
ments on circuits of small power factor may be minimised is 
by joining in parallel with the circuit under another inductive 
circuit, or circuit having capacity, as the case may he. The 
current-phase displacements in the case of the inductive 
circuit and the permittive circuit (one having capacity) are 
in opposite directions. Hence, if an inductive circuit in 
which the current lags behind the impressed electromotive 
force is joined in parallel with a permittive circuit or 
condenser in which the current is in advance in phase of 
the impressed electromotive force, the whole combination has 
^ larger power factor than, either of them separately, and the 
small power factor of one element annuls more or less that 
of the other. Hence the difficulties which arise from the 
small power factor in wattmeter measurement may be reduced 
by taking two wattmeter measurements— one on a combined 
circuit and one on a single circuit. 

Thus, if it is Teq[uired to measure the power taken up 
in a concentric cable or other condenser, due to dielectric 
hysteresis or other causes, when it is subjected to an alter- 
nating electromotive force, we may proceed as follows : — An 
inductive circuit must be provided, which should be one with- 
out any iron core — ^in fact, be simply a large coil of insulated 
copper wire of many turns. The power factor of this inductive 

Ii2 
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circuit will be small but positive — that is, the current will lag 
behiiid the impressed electromotive force. The true power 
tahen up in this inductive circuit must first of all be carefull7 
measured by the wattmeter, or its power factor determined, 
as described in the following section. It is then joined in 
parallel with the cable or condenser, and the true power 
tahen up in both together measured. The difference of the 
two measurements then gives the true power taken up in the 
condenser. 

If the inductive circuit used is one with no iron core, 
then the true mean power taken up in it is given at once 
by taking the product of the mean-square value of the 
current in the circuit and the ohmic resistance of the 
circuit. 

The advantage of combining the inductive circuit with the 
cable or condenser is that in the latter case the capacity 
current is in advance in phase of the impressed electromotive 
force, whilst in the case of the inductive circuit it is in 
arrear. Hence the opposite phase differences more or less- 
annul each other, and the combined circuit has a larger power 
factor than either of them separately. 

Instead of joining the ironless inductive circuit in parallel 
with the cable or condenser, it may, as suggested by Mr. 
Mather, be connected in series with it.”^ If the wire of 
which the inductive circuit is formed is sufficiently stranded 
to prevent eddy currents being set up in its mass, then the- 
actual power absorption in the circuit is sufficiently nearly 
found by taking the product of its resistance and the mean- 
square value of the currents through it. 

It is obviously desirable that this ironless choicer should 
be wound in the form of a coil of maomum self-inducuon, as 
given by Maxwell. 


* The method of employing a choking coil to iinerease the power factor of 
a csablo or oondenser was suggested by Pr>f. Ayrton in a discussion on a Paper* 
by M>. Mordey on “ Capacity in Alternate Current Working.” The plan of 
using the choker in series is due to Mr. Mather, See The Mectrieim, Vol. XL VI.. 
1601, pp. 512, 618 and 667. 
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Tor a farther discussion of the theory of the dynainonieter 
wattmeter the reader is referred to the Author’s treatise on 
"The Alternate Current Traasformer,” Vol. I., 3rd. Ed., 
Chap. III., p. 168. It is there shown that if the time 
constant of the wattmeter shunt circuit is denoted by T, and 
that of the circuit under test is denoted by T,., and p=27r 
times the frequency, then, when simple harmonic currents 
are being considered, a correcting factor F must he applied 
to the wattmeter readings such that 

Hence, if T,. is greater than J is a proper fraction, and 
the wattmeter reading is too high and is corrected hy 
multiplying by F. 

The practical utility of this formula is not, however, very 
great, as the time-constants of most inductive circuits 
cannot easily he measured, and if the circuit contains an 
iron core, or is wound on an iron core, the time-constant or 
ratio of inductance to resistance is not constant. 

Fora discussion of the practical precautions to he employed 
ill using the wattmeter the reader is referred to a Paper by 
the Author read before the Institution of Electrical Engineers, 
London, in 1892 (see Proc. Inst. E. E., Lond., Vol. XXI.^ 
pp. 623-675). 

Also a Paper may be consulted by Mr. 0 V. Drysdale, 
"" On tlie Theory and Use of the Alternate Current Wattmeter 
(see The ElectHcmoi, 1901, Vol. XIVI, p. 774). 

A useful discussion on power measarements in the case of 
cable dielectrics took place after the reading of a Paper by 
Mr. Mordey on "'Capacity in Alternate Current Working’' 
(see Proc. Inst. E. E., lond., 1901, and The Electrician, Vol. 
XL VI., p. 467, €t seg). 

In this discussion the difidculties of such measurements and the precautions 
which must he taken in dealing with wattmeter readings are well brought 
out. 
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§ 7. Power Measurements by Direct Measurement of 
the Power Factor* — It, has been shown by Lord Rayleigh* 
that we can use a shunt and series coil combined with a soft 
iron indicating needle as a means of measuring either the 
phase-difference of two currents or of the power factor of an 
inductive circuit. 

Let two circular coils of wire be placed with their axes in 
one straight line and their planes parallel;, and between them 
let a soft iron needle be suspended by a glass fibre or torsion 
wire, so that its centre is on the common axis of the coils and 
its length at an angle of 45deg. to this line. If, then, a 
current is passed through one of these coils it will create a 
magnetic force proportional to the currents and a magnetisa- 
tion in the iron nearly proportional to the magnetic force. 
Hence the couple or torque tending to place the axis of the 
soft iron needle in the direction of the coil axis is proportional 
to the square of the current in the coil. 

Suppose, in the Jfirst place, that the current i varies 
harmonically and is expressed by the function tel sin 
then the mean torque on the soft iron needle, and therefore 
its angular displacement, if small, varies as the average value 
throughout a complete period of Psiu^^^i^, or as JP. Suppose, 
then, that two separate simple periodic currents, differing in 
phase, are passed through the two coils. Let these currents 
be represented by the functions iT^sinj^j^ and l 2 sin(^i(— d). 
The torques produced by these currents separately on the 
soft iron needle will vary as and as Also the joint 

effect, when both currents act together, is to produce a torque 
on the needle proportional to the average value throughout a 
complete period of the function 

{Ii sinpt -t - 12 sin (pt — 0)p, 
which varies as 0 

If, then, the first current is allowed to act alone on the 
ircn needle, it will produce a small displacement which may 

* See The Meetrician, Vol. XXXIX, p. 180, or Phil, Mwj,, May, 1897. 
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oe represented by ; and, in tbe same way, the second 
current acting alone will produce a displacement ; whilst 
both acting together will produce an effect D3. We have 
then the following equations 

3)2=C2%2 

D3 = C0i'Ii^+ cos 0), 

where and C2 are constants depending on the form of the 
coils. 

Therefore cos d = 

2/Dl^/D^ 

Accordingly, by observing the angular displacements of the 
iron needle due to each coil acting separately and then that 
due to the two acting together we can find the phase-difference 
between the currents in the two coils. 

The same formula holds good even -when the currents are not simply 
periodic, that is, have not a simple sine curve form, but we then derive from 
the deflections the pomr factor and not merely the cosine of an angle of 
phase-difference. Tor in this last case we have 
D, = Eifi.Ht, and 

where ii and ^2 are the iris tan taneous values of the currents in the coils and 
and h are constants depending on the form of the coils, and the integrals are 
taken throughout one complete period. Also we have 

D8=/(^ti ± 

the -4- or — sign being used according as the coils act with or against each 
other. 

In the first case, then, we have 

D3 — 1) | — Ujj 

2 yDiD2 

The quantity on the right-hand side of the above equation is the expression 
for the power factor of a circuit in which is the current through that 
circuit and Zg i® the fall in voltage down a shunt across that circuit, or the 
potential difference of the two ends of the circuit. 

The above method gives us, therefore, a means of directly 
determining the power factor of an inductive circuit for any 
particular form of single-phase periodic electromotive force. 
We have to introduce in series with that circuit a coil which 
will carry the current flowing through the inductive circuit, 
and we have to place as a shunt across the circuit another 
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nearty inductioaless high-resistance coil, with its plane 
parallel to that of the series coil and its axis coincicleut. 
A short, soft iron needle is then to be suspended by a 
fibre of glass or q^nartz, or by a metallic torsion wire of 
phosphor bronze, in the axial line of the coils. The needle 
may have a mirror attached to it, so that its small deflec- 
tions may be read on a scale in the usual way. The coils 
should be so arranged that the axis of the needle is at 
45deg. to the Mne joining the centres of the coils drawn 
perpendicular to their planes. The series coil should be 
capable of being short-circuited at pleasure and the shunt 
coil disconnected. 

We can then observe the small deflections produced on 
the soft iron needle by the separate actions of the series 
and shunt-coil currents, and also their joint effect. These 
deflections give us the quantities called D^, D 2 and Ds in 


the formula above. Theu pover factor 

of the power-absorhing circuit connected to the coils. 

The coils should be capable of being moved parallel to 
themselves independently, so as to make the deflections of 
the soft iron needle small and the deflections due to the 
series and shunt currents separately approximately equal to 
each other. 


§8. Three-Yoltmeter Method of Measuring Alternating 
Carrent Power.— The folio-wing method of measuring the 
alternating current power absorption of a circuit was f rst 

given by Prof. Ayrton and Dr. Sumpner in 1891 : » 

Let AB (see Fig. 7) be an inductive circuit traversed by an 
^ternating current. The first step is to join in series with 
it another nearly inductionless resistance BO, and to pass 
a current through both. In many coses, such as in the 


Ci^m“ ” 'fit th« Power gwa by any Electric Current to any 

Soo., Vol. XLIX.^ 
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nieasureinent of the i)Ower absorption of tiansformerSj this 
necessitates the possession of means for increasing the 
circuit vSo as to enable this additional resistance 

to be added to the circuit under test. Throe measurements 
of potential difference are then tahen, either simultaneously 
with three voltmeters or, better still, successively with one 
and the same voltmeter suitable for alternating current 
measurement. The voltage is measured across AB (call 
it Vi), down BC (call it and over AC (call it Y^. 
Then let Vi, be the instantaneous values of these 

voltages at any moment, and let i be the instant'' noons 
value of the current and E the resistance of the induction less 


A B ' R C 

— r^TTinrrOXO\AAV\/V^^ 


-Vi ~-v2* 

Vf 

Fia. 7. 


part of the 
equal i ty 

therefore 

But 

hence 


circuit rhoii, at any moment we have the 

Vi=z^i; 

z iv/ * » 


Multijilying all througli by dt, and integrating throughout 
a eomplete period T, or from 0 to T, and then multiplying 
by 1/T to obtain the mean-sgtiare values, we have 





where W is the mean power taken up in the inductive part, 
AB, of the circuit. 
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The objection to this method is that great accurac7 in 
the voltmeter readings mast he attained if the resulting: 
po^^er value is to be correct to a small percentage. Since 
the formala involves the difference of squares of voltages, 
a small error in the measurement of the voltages themselves- 
will mate a much larger percentage error in the calculated 
value of the power. 


If we ta'ke the equation given above for the power, viz., 

W = i(V-V,2-V,2), 
and differentiate it, we have 

<iW=i(VsdVa-VjdVj~-V,<iV,), 

where sre the errors made in the estimation of the three 

potential dijfferencefi, or rather in their B.MI.S. values. 


Let (iY3=±eT3, dSr^^±eV^, dY,= ±eY,. 

V here e is a small fra Uon. The most probable value of (dW)^ is then 

s,th.t 

Let the resistance E have such a va]ue that 


( 1 ) 


( 2 ) 

VVe proceed to find what value x should have that dWjW may he a minirmi'n. 
Since we have 

V32= Va^ -f V,2+2 ViV2 cos 0 (5) 

Hence, elimiaating Yj, Vg and V 3 from the equations (1), (2) and (5), we 
have 


^{l^x^ — 2x cos 4>T+1 + 
, W/ ^ 2 — 2 ^ 


Now cos ^ ia independent of x. Hence, if we differentiate the numerator 
of (^) and equate to zero, we have the value of as which will make dVV/W a 
minimum. We find a;=l satisfies this condition; hence the arrangement 
which will give the maximum sensibility is when R has such a value that 
V2=Vl. 

In (4) put 0 ? = 1. Then 

ldW _ ^2+a(lH- COS 0)2 
^ W’ COS 0 

But the ratio between the percentage error made in determining "W 

and that made in determining the potential differences. 

Suppose, then, that the inductive circuit is an ordinary closed iron circuit 
transformer on open secondary circuit. In this case co 8 <^ = 0‘75 nearly. 
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Accordingly, Therefore, an error of 1 per cent, made in deter- 

mining the potential difierences hy the readings of one commoa voltmeter 
would involve an error of 5 per cent, in the estimation of the power tahen 
up by the circuit. It is difficult to obtain commercial 'voltmeters reading to 
less than quarter per cent., and therefore the limitation of accuracy in the 
estimation of power by the three- voltmeter method is rather over 1 per cent. 

In employing tlie three-voltmeter method to measure the 
power taken up in an alternating current transformer -we 
proceed as follows ; — Suppose the transformer under test to 
take a current at 2,000 volts on its primary circuit, and that 
we have available the current from an alternator or circuit 
having a pressure, say, of 100 volts. It is then necessary to 



connect two step-up transformers, Tj^, T 2 {see Tig. 8) with low- 
tension sides in parallel and high-tension sides in series, 
so as to create a voltage of 4,000 volts. Across the 
terminals of this 4,000 volt circuit we join in series an 
indnctionless resistance, E, and the primary circuit of the 
transformer to be tested. It is convenient to bring potential 
wires or leads from the ends of the circuits AB, BO and AC 
to mercury cups, 'nim, well insulated. A carefully standardised 
electrostatic voltmeter then has potential wires attached to its 
terminals, and these wires may be connected to two brass 
pins carried on an insulating handle, by means of which the 
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\'olfcmeter can be connected in between any two mercury 
cups. The voltmeter reading of the req^uired voltages can 
then be quickly taken. 

If the voltmeter range is only up to about 2,000 volts, then 
the voltage AC must be measured in two parts by measuring 
the PD of the terminals of each of the supply transformers 
.separately and adding these voltages together. Hence, if V 
and V' are these last readings and and Yq, as before, the 
volt-fall down the inductive circuit under test and the induc- 
tionless resistance E, then the power W taken up in AB is 
given by 

The previous discussions of the theory of this method 
shows, however, that it is not well adapted for accurate power 
measurements in those cases in which the power factor of the 
tested circuit is small. A modification of the three-voltrneter 
method which does not necessitate the use of such a large 
auxiliary resistance has been described by Mr. A. Campbell.^ 

§ 9. The Three-Ammeter Method — In cases in which it is 
not possible to obtain the augmented voltage required by the 
three-voltmeter method, a variation of it, called the three- 
ammeter method, proposed hy the author in 1891, may be 
used.T 

In this case the circuit under test, the inductionless resist- 
ance R, and three ammeters are arranged as in Fig. 9. The 
first ammeter, Ai, measures the current before division, the 
second, A 2 , the current flowing through the inductioiiless 
resistance, and the third, Ag, the currents through the circuit 
under test. 

By a similar process of reasoning to that employed in the 
case of the three-voltmeter method it can he shown that, if 

* See Free. Phys. Soc., London, 1901, or Tke Eleeiriozan, Vol. XLVL, p. 13, 
*■' On a Metliod of Measuring Power in Alternating Current Circuits.” 

- S e T/ic Rhctrician, May 8, 1891. 
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W is tlie power taken up m the tested indactive circuit aud 
E is the inckictionless resistance, tliea 

where Ii, Ig, and Ig are the readings of the three ammeters 
Ai, A? and A 3 respectivel 7 . 

For if t’l, iz are the iastantaneoTis values of these currents,, we- have 
always 

therefore + 2 i 2 i$. 

But i2=v/R, 'where v is the potential difference of the ends of the inductive 
oircnit. Hence 

Multiplying all through by dt, and iatcgfaiing over a period, and then dividing 
by ^T, 80 ae to obtain the mean values of each term, w© arrive at the formula 
given above. 


Fio. ft. 

The three-ammeter method labours mder the same di£B- 
culty as the three-voltraeter method. Very small errors 
in the absolute determination of the three currents make 
a -very much larger percentage error in the result. It is not 
adapted for power tests on circuits of small' power factor. 

§ 10. Dynamometer Methods of Measuring Power. — 

Mr. Elakesley gave, in 1891,* a method of measuring alter- 
nating current power which is independent of the frequency 
or wave-form and can be employed on any inductive circuit. 
It involves the use of a split dynamometer or wattmeter, in 
■which the two circuits are traversed by two different currents. 

•• Se« i’Ail. dllag^ April, 1891 j.. 346. 
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Let P, Fig. 10, be the inductive circuit under test, let R be 
an inductionless resistance joined in parallel with it, and let 
an ammeter, A, be employed to measure the current flowing 
through the inductive circuit. Then a dynamometer, D, of 
the Siemens type has its two circuits joined as shown in the 
diagram. 

Let i be the current at any instant in the inductive circuit, 
i'l the • current in the inductionless resistance, and the 
current flowing to both. Then at any instant 

or i\ = i —i)= ii ^ — i\ 

T her ef ore 



Fio. 10. 


Let V be the potential fall down the inductionless resist- 
ance, E ; this is also the potential difference of the ends of the 
inductive circuit, hence v = R^^. Accordingly, from the two 
last equations we have 

Multiplying all through by dt and integrating throughout 
the period, or from ^=0 to ^=T, and dividing by T, we 
obtain the mean value throughout a period of each of the 
quantities in the above equation. Hence 

or W=EI)~EF, 

where W is the mean power taken up in .the inductive 
circuit in watts, I the E.M.S. value in amperes of the current 
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throiigli it, D the dynamometer value or mean value of the 
product of the currents in the two ceils throughout a period, 
and E the ohmic resistance of the non-inductive Bhiirit 
employed. 

If G is the dynamometer constant and d is the twist which 
must be giwen to the torsion head to bring back the movable 
coil to its izero position when steady currents 0 and c flow 
through the coils, then 

G6 = Gc=zJ), 

Accordingly, in the eq[uation for W we can write RGr0 for 
-RD, and we have 

If we employ a hot-wire ammeter or another dynamometer 
to measure the current, I, the method is perfectly general 
and independent either of the frequency or wave-form of the 
alternating current employed. 

§ 11. Power Measurement in the case of Polyphase 
Circuits. — In the majority of cases the practical measurement 
of the mean electric power taken up in polyphase circuits 
offers no greater difficulties than in the case of single-phase 
alternating-current circuits, although it may involve a 
multiplication of instrumental readings. The theoretical 
treatment of the problem is rather more complicated, how- 
ever, in the case of polyphase circuits, by reason of 
the phase relations of the -various currents involved. In 
the very simple case of two-phase alternating currents the 
power taken up in the inductive or inductionless circuit 
■supplied can be estimated by the employment of two watt- 
meters, one placed in each circuit. Thus, for instance, whether 
the outgoing line consists of three or four conductors, we can 
measure the power supplied to a two-phase transformer in 
motor by the employment of two wattmeters connected into 
the circuits, as shown in Tig. 11. 

Let Mp M and Mg be the two-phase leads and ABC the 
power-absorbing circuit, whether motor or transformer. Th en, 
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ift-wo wattmeters, constructed with all the precautions alreadjr 
described for use with, alternating currents, are inserted in 
the two sides of the two-phase circuit, the sum of their 
readings will be the total power given to the circuit ABO. 


Mr 
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Fig. 11. 


A similar arrangement can be applied in the* case of three- 
pliase circuits when connected on the star patterri with a 
common return. 

For if OA, OB, OC, Big. 12, are the tliree-pha.se power- 
absorhing circuits and llj, Mg, M3 the leads, and 11 the 
common return, then three wattmeters Wg may be 

employed to measure simultaneously the power given to the 



Fro. 12. 


circuits OA, OB, OC. The sum of these wattmeter readings 
is the power taken up by the three-phase circuit. 

The case of a three-phase circuit arranged on the delta 
pattern is, however, of particular interest, because then two 
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wattmeters arranged as m Fig. 11 will give tlie power 
absorption, whether the circuit be inductive or induction- 
less. The problem may, however, be considered on first 
principles. 

Let ABC (Fig. 13) be a. three-phase circuit arranged delta 
fashion, arid let MpM 2 ,M 3 be the leads through which current 



is supplied to it. We may consider, then, in the first place, 
the foilowiiig problem: Siveu the ammeter values of the 
currents in M^,, M 2 and Ifa and the potential differences of 
the ends of AE, EC, CA find the currents in the delta 
branches and the mean electrical power taken up in the 
circuit ABC. 



Let us consider the general relation between the currents 
in Mj, M 2 , Ma, AB, EC, and CA. Represent the three-pjhase 
sjstem by a network of conductors arranged as in Fig. 14. 
Let the instantaneous current values in the lines Mi, Ma, Mg 
be represented by a, 5, c, and those in AB, BC, CA by x, y 
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nnd z; and let the outer circle represent the armature 
eirciiit of the tliree-pliase dynamo or other source of elect ro- 
niotivo force. Tlieii \ve may represent the relations between 
tlie install taiieoiis values of the currents by the ecpuations 

= (i-) 

y-e = 'b, (ii.) 

iz—x — G. (iii.) 

Hence, if we tahe large letters to represent the inaxiinum 
values of tliese currents, and assume a simple periodic mode 
of variation, it is clear that, on a vector diagram of currents, 
the line currents A, E, C will be represented by the sides of a 
triangle, and the delta currents X, T and Z by lines drawn to 
the angular points of this triangle from some point in the 
interior. 

To find the currents X, Y and Z in terms of the line 
currents A, E and C we may proceed algebraiccally as 
follows: — Square each of the equations (i.), (ii.) and (iii,) 
above, multiply each by cU, integrate throughout a complete 
period, and divide by T the periodic time. Thus 


1 rT Ip 2 r 1 r 

- (iv.) 


In other words, ecpiate the inean-sqmre values. 

In the next place, make certain assumptions for tlie sake 
of dealing with the simpler problem first, and therefore 
elucidating more difficult ones later on. Let us assume the 
circuits AB, EC, CA are inductionless, and tliat the currents 
and electromotive forces vary in a simple harmonic manner. 
Then the currents a?,?/ and z may be exp.ressed thus 

a:=Xsin^!(, (v.) 

3 / = Tsin(p^— 120°), . . . (vi.) 

5:=Z sin(jp^~240‘'), . . . (viL) 

wlien p=:27rn as usual, n being the frequency. 
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If we substitute the walues for x, y and z given in the last 
^equation in (iv.) we arrive at equations of the form 

X^^-XY-f Y2=:A2, (viii.) 

Y2-[-YZ+Z2=3B2, (ix.) 

Z^+-ZX+X2=:C2 (x.) 

If these equations are solved for X, Y and Z in terms of 
A, E and 0, thej will give us the expiession for the E.M.S. 
values of the currents in the delta circuits, which for shortness 
we will call the delba-ctirrents, in terms of the line currents. 
Xow, uiifortunatelj, the above equations are very intractable. 
They can be solved algebraically, and those who are fond of 
algebra can amuse themselves hy finding the solutions, which 
are not very simple. But where algebra fails coininoii sense 
steps ill, and a graphical solution sufficient for practical 
purposes can easily be obtained 

It is clear, from an inspection, of tlie equations (viii.), (ix.) 
and (x,), that they are equivalent to the following geometrical 
problem: — Given a triangle whose sides are A, B, C in 
'length, find a point, P, within that triangle, such that lines 
drawn from P to the angular points of the triangle are all at 
120deg. angular distance from each other, and determine the 
lengths X, Y and Z of these lines in terms of the sides of the 
triangle. 

It may be possible to solve this geometrical problem hj 
purely Euclidean methods, but it is a waste of labour to 
attempt it. 

From an electrical engineering point of view the following 
graphical method gives a solution quite accurate enough for 
■all practical purposes : — Procure a celluloid circular protractor 
and cut out a sector subtending an angle of 120deg. Make 
-a scratch on the protractor forming an angle of 120deg. with 
both the edges of the sector. The protractor will then look as 
in Fig. 15. Observe with, an ammeter, or with three ammeters, 
the currents in the main, leads M 2 , Mg. These are the 
-currents A, B, C. On paper set off to scale a triangle whose 
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sides represent these currents. Put two pins at two of the 
corners of this triangle, I and m (Fig. 16). Then apply the 
protractor with the sector edges to these pins and move it 
about until the scratch lies over the other corner of the 
triangle n. Then measure off the lengths, VI, Vm, V%, where 
P is the centre of the protractor. These lengths will be the 
delta currents, X, T and Z, on the same scale on which the 
sides of the triangle are the line currents A, B, C. 



Otherwise, in default of a protractor, we may draw ox. 
paper three lines making angles of 120(1 eg., and draw on 
tracing paper the triangle of line currents A, B, 0. Idace this 
tracing paper over the other, and trace off the lengths of the 



lines from the centre, P, where the three radial lines inter- 
sect, to the angular points of the triangle — viz., measure the 
lengths VI, P^?^, P^^ {see Fig. 17). 

By this simple, graphical construction we can find, the 
ammeter or IiM.S. values of the currents in the delta branches 
when we are given those in the lines. Hence, miiltiphdng 
the ampere value of these delta currents hy the. observed 
potential differences of the delta corners, and adding the 
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three products, we Lave the total power in watts taken up 
in the inductionless delta circuit. 

It is obvious, if the resistances of tlie delta branches are 
all non-inductive and eq[ual, that tlie three line currents 
,(E.M.S. value) are equal, and also the three delta currents. 
Also, each delta current is equal to the quotient of each 
line current by \/8. Accordingly, in the very simple case of 
a syminetTical inductionless delta circuit, the power taken 
up ill the whole delta is equal to the product of \/5 times 
either line current and the potential difference of the ends 
of either delta branch. 


\ 



“We have ne:xt to consider the case when the delta 
branches are not inductionless, which is an important case, 
as it involves the testing of three-phase motors and trans- 
formers worked or constructed on the delta pattern. Let us 
consider, first, the limited case when the three hranches of the 
delta circuit have equal inductance and resistance. This i.s 
always the case with three- jiliase motors or transformers. A 
little consideration will, then, show that the same rule given 
above for finding the currents in the inductionless delta 
circuits will give alsO;, in the case of equi-iiiductive delta 
circuits, the value of the delta currents. On the other 
hand, when the delta hranches are inductive the current in 
each branch lags in phase behind the potential diHerence 
of the ends or delta i-vrucrs. Hence we cannot find the 
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power taken up in the whole delta circuit until we have 
discovered the value of this phase difference. 

This may be achieved in the following manner: — 

Draw, as before, the triangle representing the line currents andl 
the radial lines P/, Vm, 'Sn at angles of 120deg., representing 
the delta currents, let the dotted lines on the diagram 
{see Fig. 18) Ve, P/ represent the phase positions of the- 
potential differences of the ends of the delta circuits — that is^ 
let the line represent the potential difference of the ends, 
of the delta branch in which the current VI exists. Then tlie- 
angle 0 is the angle of lag of the current VI behind fehe. 
impressed electromotive force Ve acting on that circuit. 


I 



The angle 0 is equal to the angle minus the angle a. 
{^See Fig. 18.) 

Now the angle (f> is the phase difference between tlie 
line current represented by the side twI and the potential 
difference between the adjacent corners of tlie delta circuit. 
The angle a can be measured by a protractor on the triangle of 
currents. 

Accordingly, we may find all that we require in the 
following manner: — Introduce into one of the lines a serie.^ 
coil, and put across the terminals of one of the delta -branches 
another high resistance shunt coil. Employ these two coils 
in. conjunction with a soft iron needle to determine, as already 
described, the phase difference between any oue of the line 
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currents and the potential difference between any two line 
circuits. This phase difference is the angle <j6. Find from the 
triangle of currents the angle o, and then the required phase 
difference d = 0 — <x. 

Hence we can find, assuming sinoidal currents and electro- 
motive forces, the phase difference between any delta current 
and the potential difference creating it. The power taken 
up in the whole delta is then easily found, for it is three 
times that in any ono branch of the delta, and this last 
is XT COS0, where X is any delta current value) and 

V the potential difference of the ends of that delta branch. 

In place of a soft iron needle and series and shunt coil, a 
phasenieter of the type devised by Dolivo von Dobrowolsky 
may be employed. If the delta branches have xineq[iial 
inductance and resistance, then the above measurements must 
be repeated on each line, and for the complete calculation 
ol the power taken up in the delta we require, then, to know 
the value of eacli line current, the potential difference 
between each corner ox the delta, and the phase diiference of 
the above currents and potential differences. 

The cases of most practical interest are, however, those in 
which each delta brai^ch has the same inductance and resist- 
ance, as this involves the testing of three-phase transformers 
and motors; and the case when each branch is indiictioiiless 
but not of equal resistance, as with this we are concerned 
in a three-phase distribution of current for lighting purposes 
when unequal numbers of lamps are on each phase. 

But now it is interesting to notice that, although it is 
clidiciilt to obtain an algebraical expression for the mean 
power taken up in an inductive delta three-phase circuit, 
given the line currents and line potential differences only and 
such phase angles as can easily l)c measured, yet it is quite 
easy to detenuine the power absorption practically by means 
of two wattmeters or even one iiistruraeot properly arranged, 
y Consider again the state of the thrce-pha.se delta circuit at 
any instant. Let Cy c% c^be the line curxenls at (xiiy instant. 
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lGt%, H h tlie delta 'branch currents, and let r.j 

be the line potential differences or delta corner paten tiiil 



differences respectively (see Fig. 19). Then it is clear 

^3 = %+% 

let be the power absorption in tlie wliole delta nt auv 
instant, then 


Hence 

or 

Therefore 


10 = ^- 2 ;^ 4 - 

26' = i{0-^ -j- 2*2^2 *4" *4" 

10 = (I'l + t's) Vj^ + (i^+ ■is)V2. 
t£) = Cj»j + f3«2- 
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Pig. 20 . Connections for ^7afctmete^ Measurement of Power in Three -Plirwe 

Circuit. 

If therefore we arrange two wattmeters as in Fim 20 one of 
tnem will give a reading proportioiml to the average value of 
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and the other will give a reading proportional to the 
average value of CqV 2, and accordingly the sum of the watt- 
meter readings will be proportional to the total mean power 
taken np in the whole delta circuit whether the branches he 
inductive or not. 

Hence we may arrange two suitable alternating current 
Wcattmeters to give the required ineasiu'ement, or we may 
arrange one wattmeter and a series of switches which throws 
over the wattmeter quickly from one side to the other of the 
delta mains * 

Lord Eelviii has devised a form of duplex wattmeter 
suitable for this ];)urpose which is described in the next 
section. 

§ 12. Practical Forms of Wattmeter The existing prac- 

tical forms of wattmeter may he classified under two head- 
ings; — (i.) electro dynamic^ (ii.) electrostatic instruments. 

riie electrodyiiamic instruments consist of two circuits or 
coils of wire, one called the series coil and the other called 
the shunt coil. One of these coils or circuits is fixed, and 
the other is suspended and free to move over a small range 
under the influence of the electrodynamic stress existing 
between tlie coils when both are traversed by currents. 
Generally spjeakiug, the series coil is fixed, because it has to 
carry the larger current, and the difficulty of getting this 
current in and out of a movable coil is greater than in the 
case of the smaller current used in the shunt circuit. The 
movable coil must be restrained and brought back to a fixed 
zero position by a couple or force due to gravity or a spring 
control. In any case the conditions which must be complied 
wicb are that a small clis2')laceruent of the movable coil must 
bring into existence an opposing mechanical force which 
increases with the clisida cement The electrodynamic stress 
between the coils should be a maximum when the coils are 


See Science Aisiracits, Vol. I., p. 554, Aliamet “ On Tliree-pbase Power 
Heasurenient.*’ 
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ill their sighted or zero positions. . For if the electrodynamicr. 
force increases with the displacement, it may increase faster' 
than the opposing mechanical force, and then the equilibrium 
will he unstable. It is also desirable, though not necessary,, 
that the mutual induction between the coils should be zero 
when they are in the sighted or normal position. 

In the case of wattmeters intended for use with alternating 
currents, there must not be any metal enclosing case or metal 




Fia. 21. — Siemens Workshop 'Wattmeter, 
work of any kind near the coils, and the coils themselves 
must be wound on non-conducting formers or cores. If large- 
sized wire has to be used for the series coil, it must be 
stranded or formed of a cable of silk-covered wire twisted 
together. 

One of the simplest wattmeters for workshop use is the 
Siemens wattmeter. It consists of a wooden base and 
supporc which carries the fired coil {see Fig. 21) and a 
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movable coil hung from a torsion head by means of a few 
fibxes of doss silk. In some instruments the ends of the 
movable coil dip into mercury cups. In the one shown in 
Fig. 21 tlie current is led into and out of the movable coil by 
light fexible connections. The restoring couple is app)lied to 
the movable coil by means of a spiral inetaT spring, one end 
of which is attached to the movable coil, and the other to the 
torsion head In using the instrument the series coil is 
joined in the circuit of the power-absorbing circuit, and the 
movable coil is connected as a shunt across the ends of that 
circuit and the series coil taken together. As already 
explained, when so connected the reading of the wattmeter 
is proportional to the power absorbed in the circuit under 
test and that in the series coil of the wattmeter. If the 
.wattmeter is employed with continuous currents, care must- 
be taken to see that it is placed in such a position that the 
magnetic field of the earth has no influence on the movable 
coil when traversed by a current. When both coils have 
currents through them, the m-ovable coil is twisted round 
through a small angle as far as a pair of stops will allow it 
to move. The torsion head is then twisted round in the 
opposite direction until the movable coil comes back to its 
original position, and the angular displacement of the torsion 
head noted. A table is furnished with each iTistruirient, 
.which will then give the power being taken up in watts in 
the circuit under test. 

In the wattmeter designed by the Author for use witli 
alternating currents, special precautions are taken to obviate 
sources of error. The wattmeter consists [hqc Fig. 22) of u 
teak case about 15in. high and lOin. wide with glass 
doors on each side. The case stands on levelling screws. 
On the top surface is a celluloid divided scale. A 
hollow axis through the centre of this scale carries on 
its outside an adjustable index arm, and to a HU])pQrt 
cn the inside is suspended the movable coil. This is in a 
xectangular form, and consists only of a few liinm of 



Fig. 22. -Fjemiug Alternating Current \Vattin‘ter. 

to the suspended coil. The ends of the coil dip into mercury 
cups made of vulcanised fibre. The fixed coil is carried on 
a wooden bar, and has its axis at right angles to the movalde 
coil. The wires bringing the currents to tlie coils aretwi.sted 
together. There are no metal parts or screws of any kind 
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insulated wire kept in shape by shellac. This coil is liung 
up to tlie torsion head by a few fibres of floss silk. and. to it 
is attached, an index arm of aluminium wire. The torsion 
spring is a spiral gilt steel clironometei spi ingj and this is 
affixed by one end to the torsion head axes and by the other 
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near tlie coils. This wattmeter is used, as origi nally suggested 
by the Author, in conjinictioii with an auxiliary transformer, 
the secondary circuit of which is connected through two or 
three iricaiidescent lamps with the movable coil of the 
wattmeter. The primary circuit of the transformer is 
connected as a shunt across the ends of tlie power-absorbing 
circuit and the series coil in series with tliat circuit. The 
wattmeter i.s standardised, as already described, by the "use of 
ail inductionless standardising resistance and an alternating 
current anuneter and voltmeter. 

Lord Kelvin’s ampere balances are also constructed as 
wattmeters by forming the fixed coils of thick copper strip, 
and using tlieni as the series coils, whilst the balanced or 
movable coils are formed of thinner wire and constitute the 
shunt coil (see Fig. 23). The shunt coil is made to have a 
small resistance, and is joined up in series with a large 
non-inductive resistance outside. 

Lord Kelvin’s form of alternating current wattmeter for 
large powers is shown in Fig. 24, In this case the series coil 
is a stranded cable bent in a U shape. The shunt coil 
consists of a pair of balanced coils over it attached to the 
scale beam arm. The electrodynamic action is the same as 
in the other balances — that is to say, the forces due to the 
currents tend to raise one balance coil and depress the other, 
The series coil in the instrument shown in the figure is 
designed for carrying large currents. This conductor is 
made up of ropes of insulated copper wire, twisted together 
so as to form a cable with a hollow core. In order to correct 
any effect due to the mduction of one arm of the coil upon 
the other the twisting is done in a very careful manner, so 
that the strands of the cable which are inside on passing 
the left-hand movable coil on one side are outside on passing 
the right-hand movable coil on the same side, and are in the 
reverse direction on the other arm of the U. The core of 
the cable is hollow, and brass tubes are passed along each arm 
of the U as far as the bend. The main object of these tubes 
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is to prevent any deformation in the cable, but they also 
serve as a menus of blowing air through to heep the con- 
ductor cool, if it should ever be necessary to use it for 
much heavier currents than those for which the instriiinent 
is primarily intended. 

Another form of dynamometer wattmeter is that devised 
by the Author and Mr. Gimingharn. In it there are two 
helices of wire wound on non-conducting cores. These are 
so wound as to have similar magnetic poles in the centre. 



Fig. 25. — Fleming and Grimingham's Volbrneter (iid removed). 

aad are placed parallel to each other. These coils form the 
series coil of the wattmeter. They are embraced by two 
circular coils attached to the ends of a bar suspended on a 
needle point by means of a jewelled centre. These coils are 
made with aluminium formem, and are wound with line 
wire. They constitute the shunt coils. The current is got 
into and out of this movable coil by means of very fine 
flexibk leads, which do not prevent the movable coil from 
swinging freely within narrow limits. To the movable coil 
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is attached a spiral steel torsion spring, as in the Siemens 
wattmeter, and its upper end is fixed to a torsion arm 
moving over a divided scale. The scale can he divided to 
read directly in watts. The operation of reading consists 
ia tTirning the torsion head until the movable coil is brought 
hack to its normal or zero position, as shown by a small 
index needle attached to it. The external appearance of the 
instrument is shown in Fig. 25. The figure, however, represents 
the voltmeter designed by the same inventors, but the wattmeter 
only difiers from it in having four terminals instead of two, one 
■pair for the series circuit and one pair for the shunt circuit. 

The above-described instruments are not direct reading. 
The observer has to move or slide some part of the instru- 
ment in the process of taking a reading. They are, therefore, 
not adapted for switchboard purposes. In this latter case 
an instrument must he employed which shows directly by 
a needle upon a scale or dial the power passing through it. A 
form of direct-reading wattmeter has been devised by lord 
Kelvin. It consists of a coil of one or two thick turns of 
eopper wire, and a spectacle-shaped fine wire coil in series, 
with an external resistance. The instrument is adapted as a 
-central station wattmeter, giving indications of power passing 
through it by means of the movement of a needle attached 
to the fine wire ceil over a scale. The interior is shown in 
Tig. 26. It Las a main circuit formed of a double rectangle 
of copper rod having suificient area to carry 200 amperes, 
and a shunt circuit with two fine wire coils astaticalLy 
arranged The main coil is mounted on a slate back so 
that the rectangles are horizontal The shunt coils are 
mounted on a light but strong aluminium frame in the 
mannerj shown in Tig. 27. One end^of this frame has a 
circular knife-edged hole fixed to it, and the other end has a 
straight knife-edge. These two knife-edges rest on two 
'phosphor-bronze hooks attached by insulatmg supports to 
the outside ends of the double rectangle. By this method 
of suspension" complete freedom from friction is obtained. 



rir£ MMASVRSMIJUT OF BMcmtO POWMM. §1^ 

while the movable S 7 stem is kept in a definite position with- 
out end guides.. 

Each fiae wire coil has about 1,000 turns of insulated 
wire, and its resistance is about 100 ohms. The current is 
conducted in and out from the movable system hy two 
flat palladium spiral springs, which also supply the restoring 
force for governing the sensibility of the instrument. Not 
more than ampere is allowed to pass through the 

fine wire circuit, and in order to regulate this a large non- 
inductive resistance is rolled on the case of the instrument, 
which offers a large cooling surface. The scale has nearly 
uniform divisions, and is graduated to read directly in watts 
or kilowatts as required. 



Fia. 28.— Conaections of Kelvin’s Three-Phase Wattmeter. 


Lord Xelvin has modified bis single-phase balance watt- 
meter 1^0 make it suitable for three-phase measurement. 
It has two sets of fixed, coils mounted on the opposite sides 
of an. ebonite or marble slab. Suspended inside these coils 
are two sets of movable coils carried on the same spindle, 
the pointer being also carried on the spindle. The only 
opening in the ebonite slab is for the spindle. The fixed 
coils are in the two arms of the main circuit, and the shunt 
coils are connected across through ntn-induction resistances, 
as shown in Fig. 28. With instruments for low pressures 
the inductionless coils are in the case, and for high pressures, 
they are outside and separate. 
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The use of the Kelvin q[iiadrant electrometer, or some 
modification of it, as a wattmeter was suggested almost 
simultaneously hy Profs. Ayrton, lit^Gerald and Potier. 
Maxwell showed that, in the case of the Kelvin electro- 
meter; if A and B are the potentials of the q^xiadrants and 
C that of the needle, then the defiection of the needle should 
vary as 

(A-B)(c-i±5). 

It was shown, however, hy Dr. J. Hopkinson, and also 
by Profs. Ayrton and Perry, that the above law is not 
fulfilled by every instrument of the quadrant type, but that 
electrometers can be constructed which do obey it. A form 
of Kelvin quadrant electrometer has been devised by 
Messrs. Ayrton, Perry and Sumpner {see Fig. 29), which 
strictly obeys the above law of deflection. Assuming that, 
for any particular instrument, the law has been verified, we 
may use it as a wattmeter as follows : — Let AB he an induc- 
tive ciicuit through which an alternating current can be set 
flowing. It is desired to measure the power taken up in AB. 
Join in series with AB an inductionless resistance BC, and 
connect the quadrants of the electrometer to the terminals A 
and B. Then take two readings, one with the needle joined 
to B and one with it connected to 0. Observe the deflections 
in each case: call them 0 and 0'. Then we have 

e'=K{( v^- v,)(v<, ■[ , 

where K is an iastruniental constant and V^, Vg, V^, signify 
the potentials at the ioiiits A, B, C respectively. Sabtmct- 
ing the equations, we .^ve 

^'=(V^-VbXVb-V^). 

Kow(V^— Vy) is the fall of potential down the inductive 
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product, assuming that the free periodic time of the needle is 
large compared with that of the alternating current. 

It has teen suggested by MM. Blondlot and Curi6 that 
the power may he obtained by a single reading with a 
double electrometer containing two needles and two pairs of 
quadrants, the quadrants being connected to the terminals 
A and B and one "needle'^ to B and the other needle to C. 
A careful verification of the right to use the Kelvin quadrant 
electrometer in the above manner as an alternating-current 
wattmeter has been given by Prof. E. Wilson (see Proo. Boy. 
Soc., London, Vol. LXIL, 1898, p. 356), but the experimentalist 
employing any particular instrument should independently 
verify for himself its ohedience to the theoretical law. 
Mr. Gr. 1. Addenhrooke has devoted particular attention to 
the improvement of the quadrant electrometer for alternating 
current measurement, and has arranged a convenient form of 
electrostatic wattmeter for this purposes. (See abstract of a 
Paper read at the International Congress of Electricity in 
Paris 1900, The Mectridan, Vol. XLV., p, 901.) 

The various forms of continuously-recording wattmeters or 
watt-houi-meters employed as house-meters will be considered 
in the chapter on " Electric Quantity and Energy Measure- 
ment.'' 

§ 13. Wattmeter Testing. — Owing to the various disturb- 
ing actions which tend to render wattmeter readings incorrect, 
no prudent experimentalist will engage in a course of experi- 
ments with any one particular instrument without previously 
making a careful examination of its behaviour under various 
conditions. Let us assume, in the first place, that the watt- 
meter is of the dynamometer type and that it is to be 
employed in measuring continuous-current power with the 
series coil joined in series with the power-absorbing circuit 
and the shunt coil joined across the ends of a circuit consist- 
ing of the power-absorbing circuit and the series coil The 
wattmeter should be placed upon a turntable so as to move 
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it round ia azinautli into different positions. The first experi- 
ment which should be made is to pass the normal current 
through the shunt coil, no current going through the series 
coil; and notice should be taken whether the interruption or 
reversal of this current through the shunt affects its position 
when freely suspended and movable. If this is the case, then 
the wattmeter must be turned round its vertical axis and tests 
made in different positions to discover if the displacement is 
due to the earth’s magnetic field. If so, an orientation can 
he found in which the position of the shunt coil is not 
disturbed by reversing the current through it. If no such 
position of the wattmeter can be found, then the disturbance 
may be due to currents ftowing in neighbouring wires, and 
these should he looked for and removed. The next step is 
to measure the resistance of the series coil and calculate 
the C^R loss in it when the current to be passed through 
it is used. 

As already explained, the torsion which has to be applied 
to the wattmeter head to bring the movable shunt coil back 
to its zero position is proportional to the power taken up in 
the power-absorbing resistance, pins the power absorbed 
in the series coil when the connections are made as above 
described. It is necessary, therefore, to ascertain what pro- 
portion the power absorbed in the series coil bears to that 
taken up in the circuit under test, in order that the value 
of the correction may be estimated. Again, it must not 
be taken for granted without investigation that the twists 
given to the wattmeter head as measured in angular dis- 
placements of the lead are proportional to the power taken 
up in the power-absorbing circnit ; but special experiments 
must be made with different power absorptions in a circuit 
under test, and the quotient of true power taken up by the 
wattmeter head displacement takerx. This quotient should 
be constant throughout the range of currents within which the 
wattmeter will be used. This test is best made by passing 
currents through the wattmeter coils, the values of which are 
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inclepencleiitly observed, and also the twist 6 given to the' 
wattmeter head to restore the movahle coil to its zero 
position. Then, if 0 and c are these currents, we have to 
prove that, for the particular instrunient in question,’ Cc/0= 
a constant, in order that the wattmeter may he relied upon to 
give consistent results when used to measure power. 

In the case of a wattmeter to be used with alternating 
currents, an additional examination has to he made into 
its construction and behaviour before accepting its readings 
as valid. Assuming it to be constructed in accordance with 
the rules already laid down, we have to ascertain whether’ 
its power readings when taken on a circnit of small power 
factor are in agreement with those taken on circuits of large 
power factor. Tor instance, let it be supposed that a watt- 
meter is to be employed for measuring the power taken up in 
concentric cables when employed with alternating currents. 
In this case the power-absorbing circuit, which is the 
dielectric of the cable, has a small power factor. We have 
to assure ourselves first that any wattmeter reading taken 
on this circuit means the same in true, power absorption 
as when the same indication is found on a power-absorbing 
circuit of high power factor. A cautious electrician will not 
take this for granted, knowing, as he should do, that it is 
quite possible for errors of 300 or 400 per cent to be made 
in evaluating by means of a dynamometer wattmeter the 
power absorptioa in the case of a small power factor circuit- 
In order to test the behaviour and trustworthiness of a 
wattmeter when employed with alternating currents it is 
essential, therefore, to possess a power-absorbing circuit of 
known small power factor and known power absorption with 
various voltages on its ends, and to compare the wattmeter 
readings taken on this circuit with those taken on a prac- 
tically inductionless power-absorbing circuit made as already 
described. 

The question arises, how is such an inductive circuit to be 
made ? The following principles will guide the construction 
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of a useful form of inductive resistance for wattmeter testing. 
It consists iu making an ironless choking coil in the form of 
^ Gauss coil of maximum inductance. If a coil of insulated 
wire is made on a former of circular shape, and if the shape 
of the cross section of the coil is a square having a length of 
side equal to a, then it was shown by Maxwell (see '' Elec- 
tricity and Magnetism,” Vol. II., p. 316) that the coil will 
have a maximum inductance if the mean diameter of the 


coil=D = 3-7«^. 


Let a core, therefore, be prepared formed by placing cheeks 
on the sides of a circular disc of wood so as to form a square 
channel in which insulated wire may be wound, and let the 
square channel be fitted up with double silk or cotton-covered 
copper wire well shellaced or parafined. Let the diameter of 
the circular former and the depth and breadth of the square 
channel be such that the outside diameter of the circular coil 
of wire formed in it is Dq and the inner diameter and 

these are so chosen that 3*7 or . 

also let the width of the coil sideways or parallel to its 

axis be equal to The coil will then have the propor- 

z 


tions which will give it the maximum inductance for the 
quantity of wire used according to the Gauss and Maxwell 
rules. 

The inductance of this coil may be calculated approximately 
as follows : — It is shown in the Treatise on Electricity and 
Magnetism” by Mascart and Joubert (see Atkinson’s English 
translation, Yol. IL, pp. 152 and 153) that for a circular coil 
of wire of N" turns and mean radius a, having a rectangular 
section of width 25 and depth (radial) 2c, the inductance L is 
given hy the following expression : — 


L=:47raN2r log._4i=-Xi4 

L\ 24c'* / ® 



c 

where and are certain functions of the ratio ^ which axe 
tabulated by Mascart and J oubert. 
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The deduction of the above formula from first principles 
would occupy too much space to give it here in full, and the 
reader must therefore be referred to the treatise of Mascart 
and Joubert for details. 

Suppose, now, that the axial width of the coil section is 
eq^ual to the radial depth, and that the proportions for 

maximum inductance are fulfilled. That is, let h=c=^^. 

Corresponding to c/6=l, Mascart and Joubert give the 
values \= 0*848 34 and yai=0*8162. 

Making, therefore, the above substitutions in the general 
expression for L, we have 

L.4«N{(l+j5:j^logi^-0.8483H-0-0224] 

=4:7TCtW^2‘S78i -0-8259^ = 1-5525, 

or L= 3*1x01^^, 

where D = mean diameter of the coil and N = the total 
number of turns of wire. 

Now let the total length of wire on the coil =?,th.en 

; = 7rND, 

hence 1 = 3-1ZN. 

Let d' be the diameter (over all) of the covered wire used 
to make the coil ; then the length of the side of the scpuare 
section is equal to d' \/N. Accordingly, by the 6-auss 
relation, 

T)=z3-7d.'JW, 

and ttCN =:l=ztQtBl length of wire. 

Substituting these in the above expression for L, viz., 
L = 31/N, we have, finally, 

L=36d:'NWE 

This last expression gives us, therefore, a very simple 
formula for calculating the self-induction of a square- 
sectioned circular coil made with the Gauss proportions 
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for maxiiaum inductance, viz., 3*7 times side of section 
= mean diameter of coil. 

For example, let a coil of maximum inductance be made 
with cotton-covered copper wire having an over- all diameter 
of 2*5mm. and, say, 1,600 turns. Calculate the inductance 
and specify the form of the coil. Here 
<p=:0'2b cm., 

N=l,600, 

n/K=:40. 

. • . D = 3*7 X 0*25 X 40 = 37cm., 

and side of the section of the coil = 10cm. 

Hence the coil must have an outer diameter of 47cm., 
an inner diameter of 27cm., a thickness (axially and 
radially) of 10cm., and its inductance L is such that 
L' = 36 xiX (1,000)2x40 

= 36 X 16 X 16 X 10^= 921,600,000cm. 

= 0*9216 henry. 

The resistance of the coil can easily be approximately 
calculated as follows Let p denote the specific resistance of 
copper in C.G-.S. units. At 0°C for hard- drawn high conduc- 
tivity copper p has a value near 1,600. The resistance R 

of the coil of wire is equal to -2^, where d is the diameter 

ird'' 

of the copper wire and I is its length. But Z=7rDlsr, and 
D=:o 7d' \/N for the maximum inductance coil; hence, 
t:>___6,400 DH 23,680 

This value must, however, he increased by at least 15 per 
cent, to allow for the temperature rise in the resistance. 

The difference between d' and d is about 0*01 of an inch, 
or 0*0254 of a centimetre, for double cotton-covered wire, 
and 0*005 of an inch, or 0*0127 of a centimetre, for double 
silk-covered wire. Accordingly, when we are given the 
diameter, d\ of the covered wire, its total resistance can 
easily he calculated. 
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Having, then, the value o f L and E for the coil, we cart 
calculate the impedance ( of the coil for simple 
periodic alternating currents of a frequency ^ = 27r jp, and 
find at once the current which will flow through the coil 
under a given alternating voltage V value). “We 

thm. obtain at once the true power W expended in the coil, 
since it is equal to and also the a pparent power or 

volt amperes, since this is equal to Vy and the 

power factor E/ J'E^i-p^L^, 

We are thus able to design an iucliictance coil with any 
desired power factor and power absorption and to use it to 
check a wattmeter. The above formulae are, however, only to 
be used to give an approximate notion of the power factor 
and power absorption; the true values for the coil in ques- 
tion can best he obtained experimentally as described below. 

One point of considerable importance to which attention 
must he directed is the energy waste which arises from eddy 
electric currents set up in solid copper wire when above a 
certain diameter. If a coil of insiilateu wire is made, say, of 
size as large as Ho. 14 S.W.G., and if this wire is traversed 
by an alternating current, the field of each turn embraces 
and cuts that of other turns and sets up in the mass of the 
copper eddy currents which dissipate energy. Tiiis is in 
addition to the proper loss due to the ohmic resistance of 
the circuit. As this energy loss is not easily predicted and 
taken into account, it is necessary to make the conductor of 
such an ironless inductance coil of stranded wire. Generally 
speaking, it will not be necessary to insulate eacli strand. 
The film of dirt or grease on each constitueut wire is usually 
sufficient to stop the circulation of these eddy currents. If, 
however, the wire is stranded, then its inductance per unit of 
length is not quite the sane as that of a round-sectioned 
solid wire of the same cross-sectional area Stranding the 
wire reduces the inductance because it increases the average 
distance of all the filamentary elements into which we rmiy 
conceive the currents divided. 
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Hence the calculations made by the above formulae for the 
inductance and resistance of the copper circuit do not quite 
exactly give the required quantities. If the wire is solid, 
then the C^E waste in the coil with alternating currents will 
be under-estimated; and if the wire is stranded, then the 
inductance will be rather over-estimated when calculated by 
the above-given rules. 

As an illustration, however, of the use of the above formulae 
let us for the moment neglect the copper eddy current loss? 
and proceed to design an ironless choking coil having a power 
absorption of ^ h.p., or 375 watts, when submitted to an 
alternating electromotive force of 2,000 volts at a frequency 
of 100, the power factor of the coil to be 2 per cent. 

After a few trials we find the specification to be as 
follows : — Take Ho. 14 double cotton-covered copper wire, say 
0’2cm. diameter, use 1,225 turns, and make it in the form of a 
square-sectioned circular G-auss coil. Then 

(?=0-2cm., N=l,225, n/N=35. 

The inductance L=36x0*2x35x(l,225)^ 

= 378,157,500cm. 

= 0*378 henry. 

The resistance E in ohms at 0°C 

=23,680x1,225x35x5x10-9=5*076 ohms, 
or, say, 6 ohms when hot. 

Then ^=27r7i=200 x 31415=628*3, 
the reactance =1^=235*6 ohms at 0°C, 
the impedance= 55,508*7 -f 25*7 =235*7 ohms. 

Hence, under an alternating electromotive force of 2,000 
volts the current in the coil is 2,000/235*7=8*48 amperes. 

The true power absorbed by the coil at 2,000 volts is 
(8*48)2x5*076=365*3 watts, if we neglect the increase in 
resistance due to rise in temperature. 

If the current is not kept on more than a few moments, 
the true power absorption wiE not exceed 400 wattp, 
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The volt-amperes, or apparent power, taken is equal to 
2,000x848 =16,960, and the power factor=400/16,960 
=0-023. 

The covered wire will have a diameter, d\ equal to 0-225cm. 

Then as to the size of the coil. The mean diameter=D 
=3'7x0-225x35 = 29*lcm.,and the side of the square section 
=a=0*225 X 35 = 7*9cin. Hence the coil must have an inside 
diameter of 21*2cm., an outside diameter of 37cm., and a 
thickness of 7*9cm. It will contain 1,225 turns of No. 14 
double cotton-covered copper wire. The length of the wire 

will be '!rDll=yX29-lXl,225cm.=112,035cm.=l, 250yd. 

nearly. The weight will be about 801b. Hence 801b. of double 
cotton-covered No. 14 wire will be required to make the coil. 

As a matter of practical construction, it would not be 
advisable to wind up this weight of cotton-covered wire in 
one coil, and use it on a high-voltage circuit, because the 
current would probably jump from layer to layer and destroy 
the insulation. The coil should be wound like an ordinary 
induction or spark-coil secondary circuit in a set of side-by- 
side coils, or sections, insulated from each other by thin 
ebonite or micanite discs. Before or during winding, the 
covered wire should be well paraffined, and it is an advantage 
to keep a coil of this description immersed in insulating 
oil during experiments with high-tension currents. 

Moreover, as above explained, in practice the wire of 
which the coil is made should be stranded wire, using a 
strand the constituent wires of which are not larger than 
No. 30 S.W.Gr. Hence, instead of using solid No. 14 S. W.G. 
copper wire, a stranded 36/30 should be employed. 

Assuming the copper wire to be sufficiently stranded, the 
actual power absorbed and the power factor at any voltage 
can, however, best be determined experimentally as follows: — 
Provide a means for regulating the alternating voltage by 
veiy small steps — say, for instance, by introducing a variable 
choking coil into the supply circuit, or by varying the 
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exciting current of the service alternator very gradually by 
a carbon plate rheostat. Then provide also a supply of 
continuous current from secondary batteries. Place in series 
vrith the inductance coil under test a hot-vrire ammeter 
suitable for use with both continuous and alternating cur- 
rents, and have at hand calibrated voltmeters for reading 
accurately the alternating and continuous voltages. Then 
begin by applying a measured continuous voltage to the 
inductance coil sufficient to create in it a current eq[ual to 
that which it will take with the alternating voltage. In the 
case of the above-described coil, since the resistance is about 
5 ohms, a continuous voltage of 40 volts will create a 
current of 8 amperes. Measure very carefully this voltage 
and current. As soon as the currents become constant, or 
very nearly so, switch off the continuous voltage and apply 
an alternating voltage sufficient to maintain the same heating 
current in the coil. In this case, since the impedance is 
nearly 250 ohms, about 2,000 alternating volts (RM.S. value) 
will be required. Measure this alternating voltage carefully. 
Then, if the ventilation or cooling of the coil is rapid enough 
to enable these voltages to be measured when the current is 
practically the same in the two cases, we have at once the 
power factor and the true pjower absorbed in the coil. For, 
if Yc is the continuous voltage required to maintain a cur- 
rent, A, through the coil, and Y^ is the equivalent alternating 
voltage, then Yc/Y^ is tlie power factor of the coil, and A. Vo 
is the true power absorbed by the coil under an alternating 
voltage and an apparent power absorption AY_^. 

The inductance coil so made, then, becomes a means of 
checking a wattmeter. For this purpose we must provide 
in addition a nearly inductionless resistance, taking up at 
the 2J)0(J volts a true power equal, or nearly equal, to that 
taken up by the inductance coil. Fox the above case, if 
we make a resistance coil by winding on a wooden frame 
non-inductively a length of 1,000 yards of Ifo. 36 S.W.Gr. 
cotton-covered platinoid wire, we shall liave a resistance 
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of about 12,000 ohms, whidi, if properly yentilated, ^vill 
carry without sensible heatiug one-six tli of an ampere, or 
the current it -will take under an alternating voltage of 
2,000 volts. The power absorbed will then be about 333 
watts. 

We have, then, two resistances, one, the above platinoid 
resistance, taking up 333 watts or so at 2,000 volts, and 
having a power factor nearly unity, and the previously- 
described inductance coil, talcing up 360 watts or so, and 
having a power factor about 0*02. Proceed then to calibrate 
the wattmeter under test by means of the inductioiiless 
platinoid resistance, measuring the pressure with an alter- 
nating electrostatic high tension voltmeter, and the current 
through it with a hot-wire ammeter or by a resistance and 
associated electrostatic low-reading voltmeter ; in this way 
obtain the constant of the wattmeter on the high power- 
factor resistance. Then, employing the same instruments on 
the inductance coil, measure the power taken up calculated 
out by means of the wattmeter constant observed as above. 
If this power reading does not agree with the true power 
absorbed by the inductance coil at that voltage, as already 
determined by the use of the continuous and alternating 
currents, then something is wrong with the wattmeter, and 
it cannot be trusted when used with small power factor 
circuits. 

An inductance coil made as described, and huilfc up in 
sections so that one or more sections can be used in series as 
rec[uired, is a very useful implement in a laboratory in which 
cable testing is .^eing conducted. For, if it is desired to 
measure the true power absorption in the dielectric of a 
cable under alternating voltage, then, since the power factor 
of the dielectric circuit of the cable is small, its measurement 
directly by a wattmeter becomes a matter of difiiculty. But 
the difficulty is reduced if an inductance coil of suitable 
power factor is joined, either in parallel or in series, with the 
dielectric of the cable or condenser, as suggested by Prof. 
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Ayrton and Mr. Mather* and the pow'er factor of the two 
together, cable and coil, tecoines greater than either of them 
separately by reason of the fact that the current leads on the 
electroniotiv’e force in the case of capacity and lags on it in 
the case of inductance. In order to know approximately 
how mnch we may expect to improYe the power factor, we 
must, however, have a rough knowledge of the power factor 
and current taken in each case separately. Thus, suppose 
the above-described inductance coil, having a power factor of 
0‘02, and taking a current of 8'5 amperes at 2,000 volts, is 
joined in parallel with a length of 5 miles of a cable 
having a dielectric power factor of 0*02 and a capacity of 0-3 
microfarads per mile. Then, under simple periodic currents, 
the capacity current of the cable (I) would be eo[ual to 
CpTy/lQ^, where C is the total capacity in microfarads, = 
times the frequency, and Y is the voltage. The reader 
should note that this formula cannot he used to calculate 
the condenser current when the capacity, inductance and 
frequency have such values as to create electric resonance 
in the circuit.-j- If, however, resonance is absent, then, since 
% = LOO and V = 2,000, we have 

T_bx3x2, 000x628-3 
W 

= 1*885 amperes. 

Hence, to obtain the best result in augmenting the power 
factor it would be desirable to couple the dielectric of this 
cable in parallel with an inductance coil having a larger 
number of turns (about twice as many) than the one above 
specified, in order that the coil current under 2,000 volts 
should be about equal in magnitude and opposite in phase, 
as regards the electromotive force, to the capacity current 
of the cable. With the assistance of the previously- 

* Sec Prof. Ayrfcon’s remarics in The Electnoian, January 18, 1901, 
Vol. XLVI., p. lino ; also January 25, VoL XLVI., p. 512 ; and Mr. Mather, 
'I'he ElectrieiaTi, February 22, Vol, XLVI, p. 667. 

See Mr. T. Hatlier, Electrical Review, May 31, 1901 ; also Vol. IL of thif> 
Handbook, in the chapter on ‘'Measurement of Capacity.’^ 
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explained principles, the reader will have no difficulty in 
doing this for himself. 

If an ironless inducfcance coil is joined in parallel witli 
a condenser, and the two are supplied with alternating 
current from an alternator at constant potential, there is 
a certain value of the inductance which will, when asso- 
ciated with a given condenser, make the current coming 
out of the alternator a minimum. Tins value may be 
ascertained as follows: — Let i be the instantaneous value 
of the current coining out of the alternator, that of 
the current into the condenser, and that through the 
inductance. Let C be the capacity of the condenser and 
L and E the inductance and resistance of the coil. Then, 
if V is the instantaneous value of the alternator voltage, we 
have as fundamental equations 

^dv . 

Hence, assuming a simple periodic variation of i, we have 

CL|^+CE^+i,= i=Isinpf. 

Then, if i=Isin^ 5 i, we shall have sin {‘pt—O), because 
there will be a difference of phase between and i. Accord- 
ingly, we obtain, by substitution, 

( 1 — GLp-) Ij sin 6) -i- cos(p#— 0)=lsiu p(^ 

and hence, by a well-known transformation, 

liV'CT^ Gmy=.i. 

But 

therefore 

We have, then, to find what value of L will make I a 
minimum. Differentiate therefore the’ last expression with 
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respect to L and equate to zero, and after some simple 
reductions we have as a result the equation 


C(0Lp2 ~ 1){W + =L{ (1 - CLp^y + 


which reduces to 



E2 

p2 


Hence the solution of the above quadratic equation gives us 
the value of L which makes I a minimum. It is 


± 's/ I 


1± Jl-4:CmY 

2 ( 3^72 


In this last form the solution of the problem was given by 
Prof. Ayrton in a discussion at the Institution of Electrical 
Engineers in 1901. Given a condenser or cable of capacity 
C farads subjected to an alternating current of frequency 
n =j9/27r, the condenser being shunted by an inductance L of 
resistance E; the value of L, calculated from the abqve 
equation, is that which will make the total current taken by 
coil and condenser a minimum. 

The reader will find some valuable information on watt- 
meters with iron cores, as well as upon wattmeter testing, in 
a Paper by Dr. Siimpner on ‘‘New Iron-Cored Instruments for 
Alternate Current Working ” (Journal Inst. Elec. Eng., Vol. 
XXXVI., p. 421, 1905). Also a description of a wattmeter 
with an iron core by Dr. Drysdale will be found in The Elee- 
tridcbn, Vol. LV., p. 472, and one by C. Olivetti in The Elec- 
trician, Vol LIV., p. 1050. 
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surement of, 411 
Fundamental Standards, 22 
Fuse Wire Currents, Table of, 419 
Fusing Currents of Wires, 382 

Galvanometer Absolute, 352 
Galvonometer, Ayrton-Matber, 123 
Galvanometer, Ballistic, 128, 173 
Galvanometer, Ballistic, Theory of, 173 
Galvanometer Calibrationi by Poten- 
tiometer, 383 

Galvanometer, Crompton, 124 
Galvanometer, Deflectional Constant, 355 
Galvanometer, Holden-Pitkin Form, 122 
Galvanometer Lamps, 11 
Galvanometer Shunt, 385 
Galvanometers, Classification of, 120, 126 
German Silver Alloy, 39 
Glass, Resistivity of, 293 
Guard Wire, 289 

Hamilton Dickson Formula for Tempera- 
ture Yariation of Resistance of Platiuuiii, 
250 

Hartmann and Braun Ammeter, 369 
Hartmann and Braun Hot Wire Ammeter, 
391 


Heating Effects of Currents, References to 
Papers on, 385 
Helmholtz Calomel Cell, 104 
High Resistance, Measurement of, 293 
High-Tension Electrostatic Voltmeter, 133 
High Tension Voltmeter, Kelvin, 453 
High Tension Yoltmeter, Pirelli, 454 
Holden-Pitkin Galvanometer, 122 
Holden-Pitkin Hot Wire Ammeter, 390 
Housman Bridge, 279 
Hydraulic Speed Indicator, 27 

Indicator, Speed, 27 

Inductance, Rules for Making Coil of 
Maximum, 521 

Insulation of Cables, Measurement of, 290 

Insulation Resistance, 288 

Insulation Resistance, Measurement of, 304 

Insulation, Rules for, 305 

Insulation Tests, Certificate of, 296 

Induetionle.-s Resistances, 80 

International Kilogramme, 23 

International Metre, 22 

International Volt, 421 

International Units, 29 

Iron, Temperature Co-efficient of, 248 

Kelvin Ammeter, 372 
Kelvin Ampere Balance, 60 
Kelvin Ampere Balance, Various Types, 67 
Kelvin Double Bridge, 270 
Kelvin Double Bridge, Practical Forms of, 
275 

i Kelvin Double Bridge, Theory of, 275 
■ Kelvin Edgewise Yoltmeter, 463 
Kelvin Electrostatic High-Tension Yolt- 
meter, 133 

Kelvin Engine Room Wattmeter, 514 
Kelvin High Tension Yoltmeter, 453 
Kelvin Multicellular Electrostatic Volt- 
meter, 132 

Kelvin Multicellular Vertical Pattern Yolt- 
meter, 462 

Kelvin Multicellular Yoltmeter, 118 
! Kelvin Recording Yoltm-ter, 451 
i Kelvin Standard One Ampere Balance, 77 
Kelvin- Varley Slide, 273 
Kelvin Water Battery, 456 
Kelvin Wattmeter, 509 
Kelvin Wire Rheostat, 82 
Key for Wheatstone’s Bridge, 220 
Kilo-ampere Balance, 68 
Kohlrauscli Resistance Bridge, 307 

Laboratory, Electrical, 1 
Laboratory, Plan for, 14 
Laboratory Tables, 10 
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Length, Unit of, 21 
Lithanorie Cells, 12 

Lorenz Apparatus for Absolute Resist-ance 
Low Reals tanceB, Determmation of, 265 
Lyon Liquid Rheostat, 85 

M^f^netic Field Due to Currents of Yarious 
Forms, 3<l-9 
Manganin Alloy, 39 
Manganin Wire, Ageing of, 41 
Manganin Wire, Eesistance of Yarious 
Sizes of, 332 

Mass and Yolume Eesistivity, Relation of, 
253 

Mass Resistivity, Definition of, 253 
Mass, Unit of, 23 

Mattliiessen and HocMn Bridge, 235 
Matthiessen’s Standard for Conductivity 
of Coper, 258 
Mean Power, 470 
Mean Solar Second, 23 
Measurement of Alternating Current 
Power, 477 

Measurement of Eltctromotive Force, 42 1 
Megobni, 56 

Mercury Ohm, Secondary Standard, 36 
Mercury, Resistance Standard, 35, 54 
Mercury, Specific Resistance of, 31, 32 
Mercury Standard Cell, Literature of, 107 
Mercury, Temperature Co-ef&cient of, 37 
Mecury, Temperature Resistance Curve 
of, 251 

Metal Strip Resistances, 50 

Metals, Conductivity of, 325 

Metals, Density of, 320 

Metals, Mass Eesistivity of, 321 

Metals, Yolume Resistivity of, 322, 323,324 

Motor Alternator Plant, 5 

Muirhead- Clark Cell, 88 

Multicellular Electrostatic Voltmeter, 132 

Multicellular Voltmeter, Lord Kelvin, 118 

Nalder Differential Bridge, 166 
Nalder Potentiometer, 138 
MetworLs of Conductors, 194 
Mon-Inductive Resistancse, Construction of . 
428 

Mon-InsuUting Varnish, 464 

Ohm, Absolute DimenBion of, 48 
Ohm Standard, Board of Tr^e, 30 
Ohm's Law, 192 
Ohmmeter, 301 
Ohmmeter, Evershed’8,303 
Ohmnoeter, Theory of, 502 
One Ampere Kelvin Balance, Standard 
Form, 77 


Oscillograph, 402 

Oscillograph, Duddell, Description of, 402 
Outfit of Testing Laboratory, 185 

Paul’s Carbon Plate Eheostat, 81 
Pender Electrical Engineering Laboratory, 
14 

Phase Difference of Currents, Measurement 
of, 413 

Phasemeters, 415 

Phasemeter, Lolivo-Dolbrowolsljy Form of, 
416 

Phasemeters, References to Papers on, 
418 

Pirelli High Tension Voltmeter, 454 
P’atinum vSilver Alloy, 39 
Platinum Silver Resistance Coils, 47 
Platinum, Variation of Resistance with 
Temperature, 250 
Platinoid Alloy, 40 

Platinoid Wire, Resistance of Various 
Sizes of, 351 
Plug Bridge, 162 

Plug Pattern liesisbance Bridge, 213 
Polyphase Circuit Power Measui einent, 495 
Potential Differences, Measurement of 
Small, 431 
Potentiometer, 154 

Potentiometer and Bridge Combined, 432 
Potentiometer, Crompton, 136 
Potentiometer, Elliott, 454 
Potentiometer, Fleming, 441 
Potentiometer Measuremeiit of Current. 
376 

Potentiometer, Malder, 158 
Potentiometer, Use of, for Determining 
Electromotive Forces, 429 
Power Factor, 470 

Power Measurement by the Wattmeter, 473 
Power Measurement by Soft Iron Eeedle 
Wattmeter, 486 

Power Measurement by Three Voltmeters, 
Theory of, 489 

Power Measurement in Ca«ie of Circuits of 
Small Power-Factor, 481 
Power Measurement in case of Continuous 
Currents, 471 

Power Measurement in Case of High- 
Tension Alternating Current Circuits, 
479 

Power Measurement in Case of Polyphase 
Circuits, 495 

Power Measurennent in Circuits of Small 
Power Factor, Ayrton and Mather 
Method of, 529 

Power MeasuT'ement, Lord Rayleigh’s 
Method of, 486 
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Power Measurement, Three-Phase Circuits, 
497 

I’ower Measurement, Use of Potentio- 
meter for, 472 

Preece’s Table of Puse Wire Currents, 
419 

Prices’ Guard Wire, 289 

Rayleigh-Clark Cell, 89 
Rayleigh, Lord, Determination of the 
Absolute Electromotive Force of Clark 
Cells, 423 

Rayleigh, Lord, Value of Electromotive 
Force of Clark Cell, Found by, 426 
Regulation of Current, 79 
Resistance of Conductors to Alternating 
Currents, 317 
Resistance of Liquids, 306 
Resistance for Carrying High-Tension 
Currents, 447 

Resistance, Absolute Measurement of, 312 
Measurement, 314 
Resistance Alloys, 38, 39 
Resistance Balance, Raider, 166 
Resistance Bridge for Li(j[uid Resistance 
Measurement, Stroud and Henderson’s 
Form, 310 

Resistance Bridge for Low Resistance 
Mea,surement, Reeves Form, 276 
Resistance Bridge, Piug Pattern, 213 
Resistance Bridge, Slide Wire, 147 
Resistance Coil, Determination of Tempera- 
ture Co-Efficient, 243 
ResisUnce Coil Wound with Bare Wire, 226 
Resistance Coils for Carrying Xjarge Cur- 
rents, 49 

Resistance Lloils of Idatinum Silver, 47 
Resistart^’e, Insulation, 288 
Resistance Measuring Irihiruinents, 144 
Resistance, Measurement o£ by F’all of 
Potential, 297 

Resistance Measurement by Galvonometer 
Deflection, 283 

Resistance of Networks of Conductors, 194 
Resistance of Ket works of Conductors, 
Calculation of, 194 

lleristance Standards, Permanency of 
Wire for, 38 

Reichsanstalt Cadmium Cell, 102 
Resistances, Determination of Low, 265 
Resistancf s, Laboratory Outfit of, 56 
Reichsanstalt Clark Cell, 95 
Reichsanstalt Sr)ecificatiftn for Clark Cell, 
95 

Rheostat, Kelvin l^orm, 82 
Rheostat, Lyon, 85 
Rheostat, Siiclford Bid well’s, 82 


Rheostats in University College, London, 
Dynamo Room, 84 
Rheostats, Power- Absorbing, 86 
Pi^sistiyity of Alloys, 263, 526 
Resistivity of Copper, 258 
Resistivity of Dielectrics, 330 
Resistivity of Hard-Drawn and Annealed 
Copper, 260 

Resistivity of Liquids, 327, 328, 329 
Ret-istiyity of Liquids, Measurement of, 309 
Resistivity of Pure Metals, 263 
Resistivity, Reference to Papers on, 264 

Sag of Wire, Calculation of, 570 
Secondary Batteries, 12 
Secondary Standard Mercury Ohm, 36 
Series Plug Pattern of Wheatstone’s r>ridge 
216 

Siemens Electrodynamometer, 130 
SiemeoM Wattmeter, 182, 506 
Silver, Electrochemical Equivalent of, 68 
Slide Wire Bridge, Double Gap, 148 
Slide-Wire Bridge, Fleming Form, 150 
Slide Wire, Calibration of, 240 
Slide Wire Resistance Bridge, 147, 209 
Specific Resistance of Mercury, 31, 32 
Specific Resistance of Metal or Alloy, 
Determination of, 252 
Speed Counter, 27 
Standard Balance, 26 
Standard Cell, Determination of Electro 
motive Force of, 422 

Standard Daniell Cell, Fleming Form of, 
105 

Standard Megohm, 66 
Standard Mercury Ohm, 34 
Standard Ohm, Berlin Reichsanstalt, 42 
Standard Ohm, Fleming’s, 44 
Standard Potential Difference, Recovery of, 
427 

Standard Voltmeters, 112 
Standard Voltmeter, Board of Trade, 115 
Standards of Length, Mass and Time, 22 
Standards, Mechanical, of Electromotive 
Force, 112 

Tangent Galvanometer,! Helmholtz B’orm. 
357 

Tangent Galvanometer, Theory of, 354 
Temperature Co-efficient, Determination 
of, 243 

Temperature Co-efficient of Iron, 248 
Temperature Co-efficient of Mercury, 37 
Terrestial Magnetic Field, Determination 
of, 359 

Testing Laboratory, Hints on Outfit of, 185 
Testing of "Wattmeters, 518 
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Test Room Equiptuenl, 1 ■ 

The Electrolytic Measurement of Current, 
342 

Three-Phase Power Measurement, 497 * 
Time, Unit of, 23 
Trotter Resistance Bridge, 229 
Trowbridge Researches on High Tension 
Discharges, 457 

Unit. Electric Current, Recovery of, 57 
Unit of Electric Current, 29 ^ 

Unit of Electrical Resistance, 29 
Unit of Electromotive Force, 29 
Unit of Length, 22 
Unit of Mass, 23 
Unit of Time, 23 
Units, Electrical, 28 
Units, International, 29 
Universal Shunt Box, Ayrton-Mather 
Form, 386 

University College, London, Electrical 
Laboratory, 14 

University College, London, Dynamo Rheo- 
stats, 84 

University College, London, Dynamo Room, 


Vibration Effects, Overcoming, 9 
Volt, International, 421 
Volt Standard, Board of Trade, 31 
Voltmeter, Addenbrooke Electrostatic, 518 
Voltmeter, CaliV»ration of a High Tension, 
446 

Voltmeter, Calibration of Low Tension, 443 
Voltmeter, Cardew, 459 
Voltmeter, Effect of Capacity of, 447 
Voltmeter, Electrostatic, Addenbrooke 
Form, 394 

Voltmeter, Elliott Recording, 462 
Voltmeter, Error Curve of, 445 
Voltmeter, Hartmann and Braun Hot 
Wire, 461 

Voltmeter, Kelvin Edgewise, 463 
Voltmeter, Kelvin Multicellular Vertical 
Pattern, 462 

Voltmeter, Kelvin Recording, 461 
Voltmeter, Pitkin-Holden Hot-Wire, 450 
Voltmeter, Practical Forms of, 505 
Voltmeter, Self-Recording, 449 
Voltmeter, Standard, 112 
Volmeter Switchboard, Requirements in a, 
465 

Voltmeters, Classification of, 458 
Voltmeters, High Tension, 453 


Volume and Mass Resistivity, Determn... 

tion of for Metals, 257 
Volume Restivity, Definition of, 252 

Water Battery, 456 
Water-tube Resistance, 61 
Wattmeter, Fleming, 508 
Wattmeter, Fleming and Gimingham, 512 
Wattmeter, Kelvin, 509 
Wattmeter, Kelvin Engine Room, 514 
.Wattmeter, Power Measurement by, 474, 
-^475 

^/“Wattmeter, Siemens, ^2, 506 
■ Wattmeter Testing, ftB. 

C IfVatt meter, Theory ofj. 485 
' Wattmeter for Alternating Current 
Measurement, Construction of, 478 
Wattmeters, 181 

Wave Form of Current, Measurement of, 
395 

Weston Ammeter, 368 
Weston Cadmium Cell, 101 
Wheatstone Bridge, Housman Form, 279 
.Wheatstone Bridge, Kohlrausch’s I’orm of, 
307 

W iieatstone’s Bridge, 144 
Wheatstone's Bridge, Bar Pattern, 164 
Wheatstone’s Bridge Battery Key, 220 
Wheatstone Bridge, B^st Arrangement of 
Conductors for, 235 

Wheatstone’s Bridge, Callendar and 
Griffith Form, 221 

Wheatstone’s Bridge, Dial Pattern of, 163 
Wheatstone’s Bridge, Fleming Form, 150 
Wheatstone’s Bridge, Fleming Workshop 
Pattern, 168 

Wheatstone’s Bridge, Foster’s Method of 
Using, 149 

Wheatstone Bridge, Ma tthiessen and Hockin 
Form, 235 

Wheatstone’s Bridge, Method of Using, 145 
Wheatstone’s Bridge, Nalder Form, 166 
Wheatstone’s Bridge, Plug Pattern, 216 
Wheatstone Bridge, Portable Forms of, 228 
Wheatstone’s Bridge, Px'actical Forms of, 
146 

Wheatstone Bridge, Theory of, 232 
Wheatstone Bridge, Trotter Form of, 229 
Wheatstone’s Bridge, Workshop Form, 168 
Wheatstone-Kirchoff Bridge, 209 
Wire Resistance Standards, Permanence 
of, 38 

Wire Standard of Electrical Resistance, 42 
Wires, Current-Carrying Capacity of, 377 


